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TEST APPARATUS FOR DIRECT MEASUREMENT 
OF EXPANSION AND SHRINKAGE OF OIL WELL CEMENTS 

Field of the Invention 

The invention relates to a laboratory test method and apparatus for determining the 
amount of shrinkage or expansion of test samples of cement compositions of the type used in 
cementing oil wells. 

Background of the Invention 

During oil and gas well drilling operations, it is often necessary to seal the space 
between the outer casing string, or pipe, and the rock formation through which the drill has 
passed in order to prevent the undesired flow of fluids including gas, oil and water, in either 
an upward direction along the well pipe casing or downwardly where it might be dissipated 
into the formations below and/or mixed with other fluids. 

A variety of compositions are pumped into the bore hole in the rock formation for the 
purpose of providing a tight seal between the metal well casing pipe and the surrounding 
irregular rock surface. The cement composition is disposed in the form of a highly flowable 
slurry that will easily pass downwardly through the irregular annulus formed by the casing 
and surrounding rock. Its particular formulation will depend upon a number of parameters 
related to the local conditions. Various mechanical devices are available to provide a 



mechanical block at the lower-most portion of the bore hole in order to stop the flow of the 
cement slurry. 

The cementing can be required at considerable depths so that the slurry composition is 
subjected to extremes of high pressure and temperature as it is curing and forming a 
monolithic mass in the irregular annulus. It is well known in the art that, under these 
conditions, various cement compositions will either shrink or expand to some extent. Since 
the cement compositions are often formulated at the site of the well in order to accommodate 
the specific subterranean conditions present and the downhole rock formations, it is desirable 
to know in advance how a particular "custom" cement composition will perform with respect 
to expansion/shrinkage under the subterranean conditions of setting and curing. 

It is therefore a principal object of the invention to provide a laboratory test method 
and apparatus to measure the expansion and/or shrinkage of a cement slurry as it sets and 
cures under pressure and temperature conditions simulating those in the well in which the 
particular cementing composition is to be utilized. 

It is known in the prior art to provide various static forms for laboratory testing to 
measure expansion of cement formulations upon curing. Other types of apparatus and forms 
are known for determining the shrinkage. ' 

It is an object of the present invention to provide a single laboratory test apparatus 
that is capable of measuring both expansion and shrinkage. 

It is another object of the invention to provide a reliable, sturdy test apparatus that 
can be reused with minimal preparation and cleaning between uses. 
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Yet another object of the invention is to provide a laboratory test and method 
apparatus that is capable of measuring both expansion and shrinkage of a cement composition 
for which there is no previous data as to whether the cement composition is likely to shrink 
or expand upon curing. 
Summary of the Invention 

The apparatus of the invention includes a modified ultrasonic cement analyzer cell 
sleeve. The unmodified cell is commercially available from Chandler Engineering Company 
of Tulsa, Oklahoma, www.chandlereng.com. A cement slurry is poured into the bottom of 
the test cell to a predetermined level. A rubber diaphragm is placed above the level of the 
cement. A water cushion is added to the cell above the rubber diaphragm. The floating 
piston is attached to a linear displacement transducer (LDT) and is pressure-balanced in the 
water above the rubber diaphragm. 

The purpose of pressure balancing the floating piston attached to the LDT is to avoid 
adding any additional pressure forces. 

'The upper portion of the cell cap contains the expansion/shrinkage mechanical 
measuring devices which record a positive or negative volume change in the hardened 
cement. 

As the setting cement undergoes any volume changes, the movement of the LDT is 
recorded digitally as a percentage value of shrinkage or expansion of the original volume. 

The system advantageously includes a processor/controller that is linked to a 
programmed general purpose computer that is programmed to receive basic sample 
identification information, starting and completion times and the final value as a percentage, 
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along with as many intermediate readings and times as may be desired for analytical 
purposes. The program is within the ordinary skill of the art and does not itself constitute 
the invention. The apparatus provides the advantage of a direct, immediate display/recorded 
value of the expansion or shrinkage of the sample cement composition. 

Detailed Description of A Preferred Embodiment 

Attached is a description of one preferred embodiment of the apparatus of the 
invention, the operation of which apparatus also illustrates the method. 
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General Information 

Introduction 

Purpose and Use 

The 4268ES Cement Expansion/Shrinkage Cell is used as an accessory to a Model 5265 
Static Gel Strength Analyzer (SGSA) or Model 4265 Ultrasonic Cement Analyzer. (UC A). 
When combined with a precision pressure controller (Model 6265-1), the system 
continuously measures the expansion or shrinkage of a cement sample under high 
temperature and high-pressure conditions. 

The system measures the change in volume of the sample using a diaphragm and 
displacement piston combined with a precision LVDT (Linear Variable Displacement 
Transducer). The resulting translation of the piston is scaled in units of milliliters (mL) or % 
expansion. The data is presented graphically using the 5270 Data Acquisition and Control 
System (DACS). 

Description 

The 4268ES Cement Expansion/Shrinkage Cell makes use of the programmable temperature 
controller that is a part of the Model 5265 or 4265 instruments. The system is equipped with 
a programmable pressure controller for the Model 6265-1 Intensifier assembly. Using the 
controllers, multiple segment ramp and dwell temperature and pressure schedules may be 
defined for the sample. 

Features and Benefits 

• Easy to install and use. 

• Continuously measures the expansion or shrinkage of API Cement slurries under high 
pressure (10 kpsig, 69 MPa max.) and temperature (400°F, 204°C max.) conditions. 

• Ability to measure +10% expansion (20mL), -16% shrinkage (32mL). 

• Single vessel curing to preserve sample conditions and testing integrity. Sample is cured 
in the vessel, improving sample and test integrity. 

• Programmable temperature and pressure control. 

• Cement is isolated from the pressurizing media using a flexible diaphragm 

• Uses Chandler Model 5270 Data Acquisition and Control System for data retrieval, 
analysis, and storage. 
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Specifications 



Measurements: 



Vessel Volume: 



LVDT Measurement Range: 
Operating Environment: 
Maximum Temperature: 
Maximum Pressure: 
Input Voltage: 



±20 mL volume change of the cement sample, sample 
temperature, sample pressure. Piston displacement may 
reach —32 mL for initial sample compression 

200mL 

±0.500 inches (±12.7mm) 

50°F - 1 10°F (10°C - 43°C) - non-condensing 

400°F (204°C) 

10,000 psig (69.1 MPa) 

85 - 240 VAC, 50/60 Hz (LVDT electronics and 
related data acquisition hardware), see SGSA or UCA 
instrument manual for separate power requirements 



Input Power: 



50 VA or less 
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Section 1 - Installation 

Unpacking the Instrument 

Remove the instrument from the packing crate carefully. The unit comes fully equipped with 
all the necessary components and any spare parts that were ordered with the unit.. Make sure 
that no parts are lost when discarding the packing materials. Place the instrument on a firm 
table, close to the water source and required electrical outlets. 

After the instrument is removed from the shipping crate, the equipment and spare parts 
should be checked against the packing list to ensure that all parts have been received and 
none are damaged. 

Note: File an insurance claim with your freight carrier if damage has occurred 
during shipping. Verify all parts shown on the enclosed packin g list have 
been received. If items are missing, please notify Chandler Engineering 
immediately. 

Utilities Required 

• Power: 85-240 VAC, 50/60Hz (LVDT electronics and DAC hardware) 

• Power to Instrument: 230 VAC, 50/60 Hz 

• Water: Filtered pressurizing water, 5- 1 50 psig (.34- 1 0.4 bar) 

• Coolant: Clean water or Ethylene glycol solution 

• Air: Filtered, dry compressed air; 75-125 psig (5.2-8.6 bar) 

• Drain: Suitable for hot water 

Tools/Equipment Required to Operate Instrument 

• 5/8" Wrench 

• 7/16" Wrench 

• Lithium Grease (or equivalent)' 

• Bench Vise (minimum jaw opening 5" ( 1 3mm) 

Installing the Instrument 

1 . Locate the SGSA or UCA instrument near power, air, water, and drain connections. 

2. Connect power to the instrument using the power cord supplied with the analyzer. The 
power plug may need to be changed if the local receptacle is incompatible with the plug 
supplied with the instrument. A 10A fuse or circuit breaker is recommended. A 1 KVA 
uninterruptible power supply (UPS) is recommended to protect the data acquisition 
electronics and test data from brief power failures. 

D 6 2 f f 3 ' Connect toe Intensifier connector labeled "Pressure Control" to the connector labeled 
"Pressure Control" at the back of the SGSA instrument. 

4. Connect the power supply to the connector labeled "Power." The Pressure Control 
System will emit a normal vibrating sound until the air supply is connected. 

5. Connect the air, water, and drain lines to the Intensifier as detailed and shown below. All 
water and air supplies must be filtered. 



1 -2 SECTION 1 - INSTALLATION 



• I * ' - - 

NOTE: The ports use 1/8 " female NPT threaded connections. The NPT ports 
are adapted for use with 1/4 " and 1/8 " tubing using Swagelok® fittings. 
For high pressure connections, the 1/8 " stainless steel tubing must have 
0.035 " wall thickness required for use at 10,000 psig. If metric size 
tubing is required, the port adapters may be changed to adapt the female 
NPT ports to metric tube connections. In all cases, the high pressure 
tubing and connections must be rated for 10;000 psig (69 MPa). 

Connecting the Instrument to the Computer 

The system requires three serial interface (two RS485, one RS232) connections to the 
computer system that is running the 5270 software. These interfaces are supplied using two 
USB / Serial Port hubs. 

• LVDT Interface: RS485 Comm 

• Temperature and Pressure Controllers: RS485 Cornm 

• Model 5265 SGSA: RS232 Coram 

The following diagram summarizes the connections. Please refer to SPR1 18-1061 and 
SPR1 1 8-1062 in Section 6 -Drawings and Schematics for additional details. 



SECTION 2 - OPERATING INSTRUCTIONS 2-1 



Section 2 - Operating Instructions 

Description of Valves and Switches 



Front Control Panel for Intensifier 



PRESSURE 
OUTPUT 



* ..... 



PR ESS U R E 
RELEASE 



WATSn SUPPLY 



PRESSURE 
ADJUST 



For the following descriptions, refer to the Figure above. 
Pressure Output Valve 

The Pressure Output valve should be opened counterclockwise (CCW) to transmit pressure to 
the instrument during testing. 

Pressure Release Valve 

The Pressure Release valve relieves the pressure from the Intensifier unit. If the Pressure 
Output valve is OPEN, the Pressure Release valve will also relieve the pressure from the 
instrument. The pressure can be relieved on the Intensifier unit but NOT on the cell by 
CLOSING the Pressure Output valve BEFORE opening the Pressure Release valve. 

Water Supply 

The Water Supply switch controls the water source to the Intensifier unit. It should remain in 
the ON position when the Intensifier unit is operating. 
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Pressure A djustKngb 

The pressure adjust knob is used to manually increase the pressure in the Intensifier unit 
when the Mode switch is in the Manual position. Turning the knob clockwise will increase 
pressure, while a counterclockwise turn will decrease pressure. The pressure value is 
indicated on the gauges located on the Intensifier and SGSA (or UCA). The pressure value is 
also recorded by the data acquisition software (5270). 

Mode Switch 

The mode switch allows the operator to choose between manual and remote mode for control 
of the Intensifier. Remote control allows the Intensifier unit to be controlled by an external 
pressure controller. 

Intensifier Switch 

The Intensifier switch may be placed in either RUN or POSITION. Selection of POSITION 
allows the piston to be moved to the mid range position in preparation for running a test. 

Normally, the Intensifier switch is in the RUN position. 

In most cases, a test may be started with the piston at the bottom position. When pressure is 
applied to the cell the piston will translate slightly as pressure is developed. Once the 
pressure is static, the piston may be repositioned to the mid position (green light illuminates) 
by opening the Pressure Release valve slightly. The loss of pressure causes the piston to 
move upwards. Close the Pressure Release valve when the green light appears. 

Position Indicator Lights 

The Position Indicator Lights verify the approximate location of the piston in the Intensifier 
unit (Top, Mid-Range, Bottom). For optimal operation during testing, the piston should be 
near the mid-range position. If the piston reaches either the minimum or maximum position 
during testing, it can no longer control the pressure of the system effectively, and must be 
repositioned. 

Note: If the piston position is located between the bottom & mid-range or between 
mid-range & top, the position indicator light may be OFF. 

Pressure Vessel Preparation 

The pressure vessel consists of a vessel, top plug assembly, bottom plug assembly, 
diaphragm, translation piston, LVDT transducer assembly, and seals. 

To prepare the vessel for use: 

1 . Remove the top and bottom plugs from the vessel. 

2. Remove and replace the retaining ring, O-ring, and backup ring from each plug if wear is 
apparent. . 

3. Clean the vessel and plugs using soap and water solution. Do NOT immerse the Top 
Plug assembly in water. 
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4. Position the translation piston until it is aligned with the shoulder on the top plug. 

Manually press the piston into the plug, use an #8-32 screw in the center of the piston if it 
must be retracted. Refer to the following illustration. 



5. Apply lithium grease to the inner tapered surfaces of the vessel and all surfaces that 
contact the cement sample. 



Top of Piston aligned 
with shoulder on plug 



#8-32 Screw in Piston 




Filling the Pressure Vessel 

1. Prepare the vessel using the "Pressure Vessel Preparation" procedures above. 

2. Fill the vessel with slurry up to the shoulder where the diaphragm seals. Do not allow 
cement to contact the diaphragm sealing surface or the threads. 

3. Place a flat diaphragm above the liquid slurry and against the sealing shoulder. 

4. Insert the diaphragm sealing ring above the diaphragm. 

5. Insert and hand-tighten the top plug assembly. The plug must be tightened to seal the 
diaphragm against the shoulder. 

6. Remove both high pressure port plugs from the top plug. 

7. Using a squeeze bottle (or equivalent), fill the volume below the displacement piston 
(above the diaphragm) until water appears at both high pressure ports. 

8. Insert and tighten the thermocouple in the top port. 

9. Insert and tighten the remaining top high pressure port with the supplied plug (5/8" 
wrench). 

10. Slide the vessel into the heating and cooling jacket on the instrument. 

1 1. Connect the 1/8" tubing pressure port to the Intensifier. Tighten both ports using a 7/16" 
open-end wrench. 

12. Open the Pressure Output valve on the intensifier. Turn on the water supply. 

13. Loosen the high pressure fitting at the top of the LVDT tube to allow trapped air to 
escape and to allow the LVDT tube to fill with water. Once the tube is full of water, this 
step may not be required unless the LVDT tube is disassembled or the piston is removed. 

14. Connect and hand-tighten the signal cable to the LVDT transducer. 
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Top Plug 
Assembly 

Sealing Ring 
Diaphragm 




Starting a Test 

Once the vessel is filled and installed in the instrument, the temperature and pressure 
schedules must be configured. 1 

Pressure Control System 

The pressure control system is a piston-type intensifier with an approximate ratio of 100:1. It 
uses air pressure to create hydraulic pressures up to 10,000 psig (69.1 MPa). 

. The piston in the intensifier must be pre-positioned to approximately mid-range when a test 
^ is started to allow bi-directional motion of the piston as the vessel temperature and sample 
volume vary. Three LED's on the front panel of the pressure control system are used to 
indicate the approximate piston position. 

To start the pressure control 

1 . Turn ON the water supply switches on the Pressure Control Intensifier. 

2. Verify that the manual Pressure Adjustment knob is fully counterclockwise (CCW). 

3. Verify that the lower limit red LED is illuminated. 

4. Set the Run/Position switch to RUN. 



5. Set the Remote/Manual switch to MANUAL. 

6. Verify that the Pressure Output valve on the pressure control intensifier is open and the 
Pressure Release valve is closed 

7. Use the Pressure Adjust potentiometer to increase the pressure. Verify that pressure 
builds in the vessel and check for leaks. 

8. Return the manual. Pressure Adjustment knob to the fully counterclockwise (CCW) 
position, releasing the pressure. 

9. Set the Remote/Manual switch to REMOTE. 

10. Start the pressure control program in the controller. Wait until 500 psig (approx.) builds 
in the vessel. 

11. Open the Pressure Release valve slightly to allow the piston to translate upwards until th< 
green light on the Intensifier front panel appears. Close the Pressure Release valve. 



To end a test, use the following procedure: 

1. The data acquisition software must be stopped and the temperature and pressure 
controller programs must be stopped. 

2. Turn OFF the heater power switch. 

3. If the sample temperature is above 212°F (100°C), leave approximately 1000 psig on the 
sample to prevent water from boiling. 

4. Turn ON the cooling water to the vessel. 

5. Open the "Pressure Release" valve on the Intensifier. 

6. Turn OFF the "Water Supply" valve. 

7. Once the vessel has cooled, disconnect the LVDT signal cable and disconnect the 1/8" 
tube connection on the side of the top plug. 

8. Slide the vessel assembly out of the heating jacket. 

9. Place the vessel in a bench vise. 

10. Remove the top and bottom plugs from the vessel. The same wrench used with a UCA or 
SGSA vessel may be used. 

1 1 . To remove the sample from the vessel, orient the vessel with the label "TOP" upwards. 
Use a block of wood (or equivalent) with a hammer to drive the sample from the tapered 
ID vessel. 

12. Clean all parts in preparation for the next test. 



Ending a Test 
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Section 3 - Maintenance 

Tools Required 

• 5/8" Wrench • 

• 1/2" Wrench 

• 7/16" Wrench 

• Teflon Tape 

• Hex wrenches 

• Screwdrivers (flat blade, Phillips head) . 

• Bench Vise 

Cleaning and Service Tips 

• Keep the test cell surfaces exposed to cement coated with a thin layer of grease, 
keeping the tips of the transducers free from grease. This reduces the chance of 
corrosion and prevents cement from adhering to the metal. 

• Keep cement off threads and out of the high-pressure ports on the top plug of the test 
cell. 

• Lubricate the threads on the test cell plugs periodically with lithium grease (or 
equivalent). 

• Thoroughly clean test cell of all cement immediately after each test. 

• Keep the sensor faces and cavities inside each test cell plug clean and flat. 



Calibration Procedure 

The temperature and pressure controllers and transducers require periodic calibration. 
Temperature calibration involves applying known value to the thermocouple electronics 
using a thermocouple simulator or precision bath. Pressure calibration involves the use of a 
deadweight tester to provide a known pressure value to the transducers. 

The LVDT displacement transducer is connected to the translation piston. When the piston 
is aligned with the shoulder in the top plug, the output signal is adjusted to 0 vdc. When the 
piston is fully inserted into the plug (-0.500in), the displaced volume is +20mL. When the 
piston is extended from the plug shoulder (+0.500in), the displaced volume is -20mL. 
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Using the Data Acquisition Software, go to the calibration section. For the ZERO setting, 
position the piston at 0 mL, enter 0 mL as the 5270 calibration value. For SPAN setting, 
position the piston at +20 mL, enter 20.00 mL as the 5270 calibration value. 

If the system must be calibrated to indicate % displacement the procedure is similar. The 
total cement sample volume is 200 mL. For the ZERO setting, position the piston at 0 mL, 
enter 0% as the 5270 calibration value. For SPAN setting, position the piston at +20 mL, 
enter 10% as the 5270 calibration value. The signal units definition may require a change 
from mL to % unless both signals were defined when the instrument was configured in 5270. 

The specifics related to using the software may be found in the Model 5270 DACS software 
manual. 

Replacing the O-rings 1 

The O-ring and back-up ring should be changed on the top and bottom plugs if there is any 
evidence of wear. 

1. Remove the top and bottom plugs from the test cell. 

2. Remove the O-ring retaining rings. 

3. Clean the metal backup ring.' Replace the O-rings. Apply lithium grease (or equivalent) 
to the O-rings and backup rings. Refer to the following illustration. 

4. Remove the displacement piston from the top plug. Replace the O-ring. Lubricate the 
piston sealing surfaces to allow the piston to move freely. Do not bend the LVDT rod. 
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Top Plug Assembly 
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Replacing the LVDT Rod and Core 

If the LVDT rod or core are bent during disassembly, they must be replaced using the 
following procedure: 

1 . Remove the top plug assembly from the vessel. 

2. Insert a #8-32 screw into the center hole on the displacement piston. 

3 . Gently retract the piston and rod assembly. 

4. Unscrew the rod from the piston and replace the LVDT rod and Core. 



Top Plug Assembly 



LVDT Core 



Rod - 
Piston 
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Replacing the LVDT Coil Assembly 

If the external LVDT coil assembly is defective, it must be replaced using the following 
procedure: 

1. Disconnect the cable to the LVDT coil assembly. 

2. Remove the high pressure cap, nut, and collar from the top of the LVDT tube. 

3. Loosen the two set screws at the bottom of the LVDT coil assembly. 

4. Gently slide the LVDT coil assembly off of the high pressure tube. 
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Maintenance Schedule 



MAINTENANCE SCHEDULE 
Model 4268ES Cement Expansion/Shrinkage Cell 


COMPONENT 


EACH TEST 


MONTHLY 


3 MONTHS 


6 MONTHS 


ANNUAL 


Vessel Seals and 
Diaphragm 


Inspect & replace 
as required 










Vessel Assembly 


Clean 










Rupture disc 










Replace 


Signal Cables 


Inspect & replace 
as required 




Inspect & replace 
as required 




Inspect & replace 
as required 


Temperature 
Signal 








• Calibrate 




Pressure Signal 








• Calibrate 




LVDT 

Displacement 
Signal 








• Calibrate 




This maintenance schedule applies to normal usage of two tests per day. Detailed procedures for these operations are 
contained in your manual. 
• Per API Specifications 
Where Applicable 
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Section 4 - Troubleshooting Guide 



Problem 


Solution 


System will not pressurize 


1 . . Verify that the water supply is present and turned 
ON. 

2. Verify that the air supply is present. 

3. Verify that the power cable is connected to the 
intensifier 

4. Verify that air is not present in the lines 

5. Check for water leaks at the vessel or 
interconnecting tube fittings. 

6. Verify that the piston in the intensifier system is not 
at the top limit (Red LED is illuminated). 

7. LVDT tube or other part of the system is not full of 
water or trapped air. 


Poor sample expansion / 
shrinkage measurement results 


1. Vessel was not filled correctly. 

2. Diaphragm is not sealed against the vessel shoulder 
or is missing the seal ring. 

3. LVDT tube is not full of water or has trapped air. 

4. Displacement piston position was not aligned with 
shoulder when top plug assembly was prepared. 

5. Volume between diaphragm and piston was not filled 
with water during top plug preparation. 

6. Bent LVDT rod or core. 

7. Seal on displacement piston is leaking. 


Poor temperature or pressure 
control 


1 . Defective thermocouple or pressure transducer 

2. Incorrect control program. 

3. Incorrect controller configuration parameters. 

4. Defective controller or related electronics. 



SECTION 5 - REPLACEMENT PARTS 5-1 



Section 5 - Replacement Parts 



Part Number 


Description 


6265-1 


Intensifier System (with internal pressure transducer) 


SPR1 18-1000 


Vessel Assembly, Cement Expansion/Shrinkage 


SPRH8-H01 


Vessel 


SPRl 18-H02 


Plug, Bottom 


SPRl 18-1 103 


Plug, Top 


SPRl 18-1 104 


Diaphragm, Sample 


SPRl 18-1 105 


Ring, Diaphragm 


SPRl 18-1 106 


Piston, Sample Expansion/Shrinkage 


SPRl 18-1 107 


Rod, LVDT Core 


SPRl 18-1 112 


Cap, LVDT Housing 


SPRl 18-1 114 


Housing Assembly, LVDT 


SPRl 18-1 124 


Spacer, Insulating, Housing 


SPR118-PN001 


Interface, DIN Rail, LVDT 


SPR118-PN002 


Coil, LVDT 


SPR118-PN003 


Core, LVDT 


SPR118-PN004 


Interface, Modbus Interface 


SPR118-PN005 


Interface, Analog Input, 2 channel 


SPR118-PN007 


Interface, Bus Termination 


SPR118-PN008 


Interface, USB/RS485 


SPR118-PN009 


Cable, Intensifier Power 


SPR118-PN010 


Cable, LVDT Transducer 


SPR118-PN011 


Cable, RJ45 LAN 


SPR118-PN012 


Adapter, RJ45/DB9 


SPR118-PN013 


Transducer, Pressure 


SPR118-PN014 


Power Supply, DIN Rail, +-24vdc, Universal Input 


SPR118-PN015 


Spring, LVDT Housing \ 


SPR118-PN016 


Tube, SS, High Pressure 


SPR118-PN017 


Cap, SS, High Pressure Tube 


SPR118-PN018 


Adapter, SS, High Pressure - 1/8"NPT 


SPR118-PN019 


Oring, Piston 


SPR118-PN020 


Interface, USB/RS232 


or Kl 1 o-r N02 1 


Seal Kit, Intensifier 


SPR118-PN022 


Adapter, RJ45/DB25 


C08725 


Cable, RS232, 25 foot 


348-1104 


Ring, Backup, High Pressure Seal 


80-0021 


Thermocouple, Plug 


C08564 


Retaining Ring, Plug 


C08565 


Oring, Viton, Plug 


7750-0115 


Handle, Top Plug 



To ensure correct part replacement, always specify model and serial number of instrument when 
ordering or corresponding. 



SECTION 6 - DRAWINGS AND SCHEMATICS 6-1 



Section 6 - Drawings and Schematics 



Drawing Number 


l/Cati lpiiuii 


SPR1 18-1000 


Vessel A^emhlv 


SPR1 18-1030 


Diagram, System 


SPR1 18-1031 . 


Diagram, Tubing 


SPR1 18-1032 


Diagram, Wiring, SGSA 


SPR1 18-1033 


Diagram, Serial Communication 


SPR1 18-1 061 


Specification - Setup - Temperature Controller 


SPR1 18-1062 


Specification - Setup - Pressure Controller 


348-1032 


Tubing Diagram, Pressure Control System 


348-1033 


Wiring Diagram, Pressure Control System 
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TITLE: Specification - Setup -Temperature Controller 

Instrument Model: Model 4268ES Cement Expansion / Shrinkage Cell 



Revision 


Date 


Revised By 


Description 


Checked By 


1 


06/08/2003 


JJM 


Pre-Release 


BD 



Configuration 



Please refer to the following illustration for the location of the electrical connections to the controller. 



Controller Electrical Connections 



Terminal 


Description 


Comment 


L 


Power input - L1 


85 - 264 VAC, 50/60 Hz 


N 


Power input -H (L2) 




G 


Chassis ground 




V+ 


Input (♦) 


From "J" Thermocouple 


V- 


Input (-) 


From *J" Thermocouple (Red) . 


HD 


Comml — digital ground 




HE 


Comml - A+ (RS485) 




HF 


Comml - B- (RS485) 




1A 


DC output (+) 


Logic - used to control heater SSR 


1B 


DC output (•) 


Signal Ground 


2A 


Alarm contact 




2B 


Alarm contact common 




LA 


Digital input 




LB 


Digital input 




LC 


Digital input common 






Controller Configuration Parameters 


Parameter 


Description 


Status 


Value 


RUN 


Program Run List 


Hide 












PROG 


Program Edit Ust 


Attr 




Hb 


Holdback type 


Hide 


OFF 


Hb.U 


Holdback units 


Hide 


0 


rmPM 


Ramp units 


Hide 


min 


dwLU 


Dwell units 


Hide 


mm 


CYC.n 


Number of program cycles 


Hide 


1 


SEG.n 


Segment number 




varies depending on segment being 1 
configured 


TYPE 


Segment type 




varies depending on segment being 
configured 










AL 


Alarm List 


Hide 












ATUN 


Autotune List 


Hide 












PID 


PID Ust 


Hide 




GSP 


Not used 






SET 


PID1 or PID2 




PID1 


PB 


Prop. Band 




12 


77 


InL Time 




400 


TD 


Der. Time 




85 


RES 


Manual Reset 




0 


HCB 


Cutback High 




Auto 


LCB 


Cutback Low 




Auto 










SP 


Setpoint List 


Hide 




SSEL 


Setpoint Select 




SP1 



TITLE: Specification - Setup -Temperature Controller 

Instrument Model: Mode! 4268ES Cement Expansion / Shrinkage Cell 



Part Number. SPR 118-1061 
Page 2 of 4 



Controller Configuration Parameters 



Parameter 


Description 


Status 


Value 


SP 1 


Setpoint 1 value 




o 


SP 2 


not used 




not ncoH 


SP L 


SP1 low limit 




o 


SP_H 


SP1 high limit 






SP2 L 






not useo 


SP2 H 


not u^pH 

l IUI U3CU 




noi useo 


SPrr 


Damn ratA 
rxaiiip laic value 




Off 


Hb tv 






Off 










IP 


fllplil Ubl 


nioe 




Fil t 

rll.l 


Filtor time ^Anetant 




l.U 


L-/r^o. 7 






0 


LJi, £. 


not usee 






MU 


noi useo 






F 1 


noi useo 






P/ / #p 


iP i 




IP. I 


r* At 


ractory/user oai 




FACT 


WAIL, o 


calibration point 




none 


An i 

rKLAj 


not used 






L/r-o. 7 


IP1 cai offset 




0 I 




not used 






/Tit/. 7 


IP1 meas. Input 




0 


rnu.c. 


not used 






UJU. 7 


uju reading 




N/A 




noi useo 








ID1 lin Innni 

\r I jiri. inpiii 








noi usea 








seiecreo r^v input 




IP. I 










OP 


Output List 


Hide 




OP / o 


low power timii 




0 


no w; 


High power limit 




100 


OP rr 


output rate limit 




OFF 


r\Jr* 


Forced, output level 




0 


w rv/.rT 


Heat cycle time 




1.0 


on I. rj 






Auto 


cna.h' 






0.0 1 


c/» OP 


oensor urea* ourput power 




0 












UOiTimS LISl 


Mice 




Aririr 


msirumeni aoaress, it comm. is 
used 




1 










INFO 1 


It Huf niallOM 1_1SI 


riiae 




oVso 1 


Configure lower readout content 




Std 










ACCS 


Access List 






code 


Access password 




1 


Go To 


Goto level 




Oper/Edit/Conf 


Conf 


Configuration password 




2 










INST 


Instrument Configuration 






CM 


Control type 




PID 


Act 


Control action 




Rev 


Cod 


Type of cooling 




Un 


Utd 


Int. & Der. Time units 




Sec 
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Controller Configuration Parameters 



Parameter 


Description 


Status 


Value 


dTvp 






PU 


m-A 


Front panel Auto/Man 




EnAb ! 


r-h 


Front panel Run/Hold 




fcnAD 


PwrF 


Power feedback 




On 


Fwd.t 


Feed forward type 




None 


Pdtr 


Manual/Auto transfer 




No j 


Sbr.t 


Sensor break output 




Sb.OP 


FOP \ 


Forced manual output 




Step 


bed 


BCD input 




None _j 


GSch 


Gain schedule 




No 










PU ; 


Process Value Configuration 






unit 


units 




°F or "C 


dec.P 


decimal points 


• 


nnnn. 


rna.L 


Range low 




0 


rna.H 


Range high 




400°F (204.4°C) 










IP 


Input Type 






inPt 


Input Type 




Jt/c J 


CJC 






Auto 


imP 


Sensor Break impedance ^ 




Off 










SP 


Setpoint Configuration 






nSP 


Number of setpoints 




2 


rm.tr 


Remote track 




OFF ! 


m.tr 


Manual track 




OFF 


Pr.tr 


Programmer track 




OFF 


rmP.U 


Setpoint rate limit units 




Pmin 


rmt 


Remote setpoint conf. 




None 










AL1/2/3/4 


Alarm Configuration 






AL1-4 


Alarm n type 




Off 


Uch 


Latching 




No 








......... . . 


PROG 


Programmer Configuration 






PtyP 


Programmer type 




1 


HbAc 


Holdback 




Prog 


Pwr.F 


Power fail recovery 




rSEt 


Srvo 


Starting setpoint of a program 




to.PU 










LA 


Digital Input 1 Configuration 






id 


Identity 




LoG.i 


Func 


Function of input 




None 










LB 


Digital Input 2 Configuration 






id 


Identity 




LoG.i 


Func 


Function of input 




None 










HA 


Comms 1 Configuration 






id 


Identity of module 






Func 


Function 




Modbus 


bAud 


Baud rate 




9600 


dELv 


Delay 




None 


PrtY 


Comms parity - only Modbus 




1 


rES 


Comms resolution - only 




Full 
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Control I r Configuration Parameters 



Parameter 


Description 


Status 


Value 




Modbus 














1A/B/C 


Module 1 Configuration 




* 


id 


Identity of module 




Log 


Func 


Function 




Heat 


VALL 


Minimum output 




0 


VALH 


Maximum output 




100 


Out.L 


-Minimum average power 




0 


Out.H 


Maximum average power 




100 










2A/B/C 


Module 2 Configuration 






id 


Identity of module 




None 


Func 


Function 






VALL 


Minimum output 






VALH 


Maximum output 






Out.L 


Minimum average power 






Out.H 


Maximum average power 














3A/B/C 


Module 3 Configuration 






id 


Identity of module 




None 


Func 


Function 






SEnS 


Digital output sense 






Alarm 1 


Alarm 1 active 






Alarm 2 


Alarm 2 active 






Alarm 3 


Alarm 3 active 






A/arm 4 


Rate of change alarm 






mAn 


Controller in manual mode 






Sbr 


Sensor break 






SPAn 


PV out of range 






Lbr 


Loop break 






Ld.F 


Load failure alarm 






Tune 


Tuning^ in progress 






dc.F 


Voltage output open circuit 






rmt.F 


PDSIO related 






Nw.AL 


New alarm has occurred 






End 


End of program 






Sync 


Program sync. 














CAL 


Calibration 














PASS 


Password Configuration 






ACC.P 


Full or Edit level password 




1 


cnF.P 


Configuration password 




2 
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Revision 


Date 


Revised By 


Description 


Checked By 


1 


06708/2003 


JJM 


Pre-Release 


BD 



Configuration 

Please refer to the following illustration for the location of the electrical connections to the controller 



Controller Electrical Connections 


Terminal 


Description 


Comment 


L 


Power input - L1 


85 - 264 VAC, 50/60 Hz 


N 


Power input - H (L2) 




G 


Chassis ground 




V+ 


Input (+) 


From Pressure Transducer 


V- 


Input (-) 


From Pressure Transducer 


HD 


Comml — digital ground 




HE 


Comml -A+(RS485) 




HF 


Comml - B- (RS485) 




1A 


DC output (+) 


0-10 Vdc - used to control hydraulic unit pressure intensifier 


1B 


DC output (-) 


Signal Ground 


2A 


Alarm contact 




• 28 


Alarm contact common 




LA 


Digital input 




LB 


Digital input 




LC 


Digital input common 






Controller Configuration Parameters 


Parameter 


Description 


Status 


Value 


RUN 


Program Run List 


Hide 












PROG 


Program Edit List 


Altr 




Hb ■ 


Holdback type 


Hide 


OFF 


Hb.U 


Holdback units 


Hide 


0 


rmP.U 


Ramp units 


Hide 


min 


dwLU 


Dwell units 


Hide 


min 


CYC.n 


Number of program cycles 


Hide 


1 


SEG.n 


Segment number / 




varies depending on segment being 
configured 


TYPE 


Segment type 




varies depending on segment being 
configured 










AL 


Alarm List 


Hide 












ATUN 


Autotune List 


Hide 












PID 


PID List 


Hide 




SET 


PID1 orPID2 




PID1 


PB 


Prop. Band 




70 


Tl 


Int. Time 




3 


TD 


Der. Time 




OFF 


MM* 


Manual Reset 




0 


HCB 


Cutback High 




Auto 


LCB 


Cutback Low 




Auto 










SP 


Setpoint List 


Hide 




SSEL 


Setpoint Select 




SP1 


SP1 


Setpoint 1 value 




0 
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Controller Configuration Parameters 



Parameter 


Description 


Status 


Value 


SP2 


not used 




not used 


SPL 


SP1 low limit 




0 


SPH 


SP1 high limit 




10.00 


SP2L 


nof used 




not used 


SP2H 


not used 




not used 


SPrr 


Ramp rate value 




Off 


Hb.tv 


Holdback type 




Off 










IP 


Input List 


Hide 




FtIA 


Filter time constant 




1.0 


OFS.1 






0 


U.2 


not used 






HU 


not used 






F.1 


not used 






PUJP 


iP.1 




iP.1 


CAL 


Factory/User Cal 




FACT 


CALS 


calibration point 




none 


ADJ 


not used 






OFS.1 


IP1 cal offset 




0 


OFS.2 


not used 






mU.1 


IP1 meas. Input 




0 


mU.2 


not used 






CJC.1 


CJC reading 




N/A 


CJC.2 


not used 






Li.1 


IP1 iin. Input 




N/A 


L1.2 


not used 






PU.SL 


selected PV input 




N/A 










OP 


Output List 


Hide 




OP.L.O 


. Low power limit 




0 


OP. Hi 


High power limit 




100 


OP.rr 


Output rate limit 




OFF 


FOP 


Forced output level 




0 A £ 


CYC.H 
ont.H 


Heat cycle time 




0.20 






Auto 1 j 


End.P 






0.0 


Sb.OP 


Sensor break output power 




0 










CMS 


Comms List 


Hide 




Addr 


Instrument address, if comm. is 
used 




2 










INFO 


Information List 


Hide 




disp 


Configure lower readout content 




Stat 










ACCS 


Access List 






code 


Access password 




1 


GoTo 


Goto level 




Oper/Edit/Conf 


Conf 


Configuration password 




2 










INST 


Instrument Configuration 






CM 


Control type 




PID 


Act 


Control action 




Rev 


Cool 


Type of cooling 




Lin 


Utd 


Int. & Der. Time units 




Sec 


<*l¥R 






PU 
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Control] r Configuration Parameters 



Parameter 


Description 


Status 


Value 


m-A 


Front panel Auto/Man 




EnAb I 


r-h 


Front panel Run/Hold 




EnAb 


PwrF 


Power feedback 




On 


Fwd.t 


Feed forward type 




None 


Pdtr 


Manual/Auto transfer 




No 


Sbr.t 


Sensor break output 




Sb.OP 


FOP 


Forced manual output 




Step 


bed 


BCD input 




None 


GSch 


Gain schedule 




No 










PU 


Process Value Configuration 






unit 


units 




None 


dec.P 


decimal points 




nn.nn 


rng.L 


Range low 




0 


rna.H 


Range high 




7.50 










IP 


Input Type 






inPt 


Input Type 




Volt 


imP 


Sensor Break impedance 




Auto 


inP.L 


Input value low 




0.50 


inP.H 


Input value high 




4.5 


VALL 


Displayed reading low 




0 


VALH 


Displayed reading high 




10.00 










SP 


Setpoint Configuration 






nSP 


Number of setpoints 




2 


mi.tr 


Remote track 




OFF 


m.tr 


Manual track 




OFF 


Pr.tr 


Programmer track 




OFF 


rmP.U 


Setpoint rate limit units 




Pmin 


rmt 


Remote setpoint conf. 




None 










AL1/2/3/4 


Alarm Configuration 






AL1-4 


Alarm n type - 


* 


. off. ...... 


Uch 


Latching 




No 










PROG 


Programmer Configuration 






PtyP 


Programmer type 




1 


HbAc 


Holdback 




Prog 


Pwr.F 


Power fail recovery 




rmp.b 


Srvo 


Starting setpoint of a program 




to.PU 










LA 


Digital Input 1 Configuration 






id 


Identity 




LoGJ 


Func 


Function of input 




None 










LB 


Digital Input 2 Configuration 






id 


Identity 




LoG.i 


Func 


Function of input 




None 










HA 


Comms 1 Configuration 






id 


Identity of module 






Func 


Function 




Modbus 


bAud 


Baud rate 




9600 




Delay 




None 
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Controller Configuration Parameters 



P a r a meter 


Descri pti o n 


Status 


Value 


PrtY 


Comms Daritv - onlv Modbu<; 




1 


rES 


Comms resolution - onlv 
Modbus 




Full 










1A/B/C 


Module 1 Confiouration 






id 


Identity of module 




Dc.OP 


Func 


Function 




OP 


VALL 


Minimum outout 

■ VIII III 1 1 %A III V#*J* m0%m k 




0 


VALH 


Maximum outout 




10.0 


Unit 


Unit of measurement 




VOrt 


Out.L 


Minimum average power 




0 


Out.H 


Maximum average power 




10.0 










2A/R/C 

fcfVD/ W 


IVIUUUIC3 4C wUllliyulOUUII 








lUCllUiy Ul IMUUUIC 




Kin no 

INUIIC 


Func 


Function 
rui iwu \j\ i 






VALL 


Minimum mitmit 

|VI II III 1 IUI 1 1 vuipui 






\/AI H 


iviciAif null) uuipui 






dot 1 


IVIIIlll llUi 11 dvcldyc powci 






\jui.n 


iviaxii nur 1 1 average power 
















IVIUUUIt? O V/UI IIIU.UI aUUI 1 






id 


Identity of module 




None 


Func 


Function 






SEnS 


Digital output sense 






Alarm 1 


Alarm 1 active 






Alarm 2 


Alarm 2 active 






Alarm 3 


Alarm 3 active 






Alarm 4 


Rate of change alarm 






mAn 


Controller in manual mode 






Sbr 


Sensor break 






SPAn 


PV out of range- . , • 






Lbr 


Loop break 






Ld.F 


Load failure alarm 






Tune 


Tuning in progress 






dc.F 


Voltage output open circuit 






rmLF \ 


PDSIO related 






Nw.AL 


New alarm has occurred 






End 


End of program 






^Svnc 


Program sync. 














CAL 


Calibration 














PASS 


Password Configuration 






ACC.P 


Full or Edit level password 




1 


cnF.P 


Configuration password 




2 
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Shrinkage & Slurry Density Tests 



Date: 01-31-2000 

Project no. 98-00752- 

Cement blend Sample Received 1/1 5/2000 



Hydrostaic pressure @ 6600 ft 11.5 PPG 


3940 psi 




Surface duitid Dressure • ' 


1 000 psi 




Test pressure 


4940 psi 




Test Temperature 


140degF 




Shrinkage Determination 


LightCrete Blend LightCrete Blend 




cell 1 


cell 2 


% Shrinkage 






Initial height 


11.25 


11.25 


reduced height 


0.984 


1.077 


Average of two samples 


1.031 






%vo!ume reduction 






8.75 


9.57 


Average of two samples 


F~ 9.16 J 






Pressurized Mud Balance Density Determinations 








Test 1 


Test 2 


Slurry Density 


PCF 


PCF 


Measured at surface 


78.5 


78.5 


calculated (downhoie pressure) 


86 


86 


measured (downhoie pressure) 


1 *■ 1 


94 



' Working Pra ft V 1 .5. 1 



ISOAVD 10426-S 



7 Determination of bulk shrinkage or expansion under impermeable conditions 
at elevated temperature and pressure. 



7.1 General information 

The purpose of this test method is to measure the bulk expansion or bulk shrinkage at temperature and 
pressure. This procedure shall be used when procedure 6 cannot be used for instance in case of high 
temperature or with compressible slurries (slurries that contain gas, spheres that break under pressure or 
other pressure/temperature sensitive materials). The method described below is limited . by the equipment's 
temperature and pressure limitations. 



7.2 Apparatus 



7.2.1 Membrane 

The slurry shall be placed in an. impermeable flexible container, which is sealed by a lid. The material of 
membrane must not react in high pH environment, temperature resistant and should be capable to contain at 
least 500 ±200 mL of slurry volume. The container should be able to transmit pressures of 50 psi to allow 
pressure equalisation between the inside and outside of the container. 



Thermocouple 



Water pressure 




PV pump, 
Pressure 
Controller 




Data acquisition 
and storage by PC 



Autoclave and heating jacket 



Figure 5^ 



Working-Draft VI .5.1 
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7.2.2 Autoclave 

An autoclave suitable for placing the container containing the slurry should be employed. The autoclave shall 
be equipped with a heater and a temperature controller maintainable within ± 2 °C (± 3 °F) of the prescribed 
test temperatures shall be employed. The pressurisation medium is water that is regulated with a 
pressure/volume (PV) pump. The autoclave is equipped with a thermocouple to measure the temperature 
inside the cell. The autoclave should have a suitable pressure rating to accommodate tests equivalent to the 
hydrostatic pressure inside a borehole. The autoclave shall be leak tight for several days, having a leak rate 
lower than 0.0002 ml/mim. The typical volume of an autoclave is 750 to 1500 ml. 

7.2.3 Temperature measuring system .... ........ 

The temperature measuring system shall be calibrated to an accuracy of ± 2 °C (± 3 °F). Calibration shall be 
no less frequent than monthly. The procedure described in annex A of ISO 10426-2:—. is commonly used 
Two commonly used temperature measuring systems are: 

7.2.3. 1 Thermocouple 

A thermocouple system with the appropriate range may be used. 

7.2.4 Pressurisation pUmp 

A PV pump is required to pressurise the autoclave, which can record the volume pumped and the pressure 
applied. The pump should be regulated such the a constant pressure +/- 10 psi can be maintained for several 
days, while the time-volume-pressure data are recorded with a data acquisition system interfaced with 
computer. The volume should be recorded with an accuracy of +/- 0.1 ml 

7.3 Procedure 



7.3.1 Preparation and placement of slurry 



7.3.1.1 Slurry 



Test samples should be prepared according to clause 5 of ISO 10426-2:-. The mixing device should be 
calibrated annually to a tolerance of +/- 3,3 rev/sec (200 r/min) at 66,7 rev/sec (4000 r/min) speed and +/- 8,3 
rev/sec (500 r/min) at 200 rev/sec (12 000 r/min). ' ^ ' 

m 3 ^?^ v ° lumes are , "feded, an alternate method for slurry preparation is found in Annex A of 

« 2 SKK£r* re ^ u,red ' the densit V of cement slurry can be determined by methods found in clause 
6 of ISO 1 0426-2: — . 



7.3.1 2. Placing slurry In Container 

Condition the slurry in the atmospheric consistometer (see 5.2.5) for a period of 20 minutes ±30 seconds The 
bath temperature shall be maintained at 27 ±1,7°C (80 ±3 °F) throughout the stirring period. 



2 



Working V1..5 1 ; ■ ISQ/WH 

I h USf ?°K[ 6d int ° an im P ermeable f| sxible container, which is sealed by leak tight lid. Make sure the lid 
=™ *2S S ° n ° water from the autoclave can access the slurry during the test. The volume of slurry 
snail oe 500 ±200 mL. 

fhS ° f S ' Urry mUSt bS aV ° ided the SSHime ° f the SlUrfy Sh ° uld be longer than the heat u P time durin 9 

SfrTn SlM! t3ken S ° tha V n ,° air is entra PP ed in tne slur ry or at the top of the container. In particular, when 
SSiTmi?^ expa ™ on ™ h,le c , ement has not vet cached the temperature of the autoclave (beginning of 
test) it may correspond to thermal expansion of the air and water, which has been trapped Once con line 
has been prepared it is placed in the autoclave and immersed in water, the autoclave is dosed vSSfSfSZ 
is removed by displacing the entrapped air with water by an overrun (and pressurisation insert) 

h^LH U n C thotl S t t C ° nneCt » ed t0 -rL he PV pump and Pressurised to the test pressure. Than 'the autoclave is 
heated to the test temperature. The pressure and volume is recorded throughout the test, ' 

7.3.2 Curing 

2?2Jf£^!I2 reaCh u d the X t St tem P erature the temperature must be held constant for the reminder of 
7.4. Measurement and Calculations 

7 ' 4 ' 1 s*iufries SmSnt Ca,Cu!atlons of tha ^pansion or shrinkage of not-compressible 

The volume changes after reaching the test temperature are used to calculate the bulk expansion or 

iSSRlSZSP vo ' umas t c \ used °y ^ a «ng or compacting air are neglected and he S^afte 
reaching temperature is considered to be the same as the initial volume of the slurry container The followina 
formula is used to calculate the expansion or shrinkage: wniainer. i ne roiiowing 

% (t) = 100x(l^- V)/Vj 

Where: 

V t fB,-B, ,' 

Vi= initial volume of the cement slurry, expressed in millilitres (mL) 
V, = final volume of the cement slurry, expressed in millilitres (mL) 

r' = l^HJl ?, PUmp a !l er rea ching the test temperature, expressed in millilitres (mL) 

B t = volume of the PV pump after time has elapsed, expressed in millilitres (mL) 

The bulk expansion or shrinkage shall be plotted as function of elapsed time or reported as 24 hrs 48 hrs or 
72 hrs expansion shrinkage. The calculated bulk expansion or shrinkage shall be reported fr , re alien to the 
accuracy, eq rounding depending on method's significant figures. reponea in relation to tne 

7.4.2 Measurement and Calculations of compressible slurries 

^aS^sed: *" V0 ' Ume Ch3n96 ° f compre * sib,e slurries and temperature expansion the following correction 

22r^ t0 pres , surise th * autoc,ave containing the sample container filled with ~ 

water to the test pressure. Then heat the autoclave to the test temperature and determine the volume change 



(6) 
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Sumnwairy - 

This work was carried out to obtain more knowledge about the . 
transition period of curing oil well cements. The results show that 
t he curing, characteristics, ate . a Junction of temperature and . that 
there is a correlation: between shrinkage and cement contend The-r. 
paper also introduces a new mechanism for gas migration' and 
discusses how the studied parameters can be used to predict gas 
migration. 



IntaKfiusSfesBrtE. ... . . ■■ 

The setting process of cement slurries in oil wells is very com- 

. plex: Many parameters contribute to the final result, such as get- . 
ling, shrinkage, temperature, pressure*. filter loss, cement structure 
and strength buildup, starry permeability, entry pressure, capillary 
pressure, mud and mud cake* formation properties* weU history, 
and possibly other parameters as well. Some of these parameters 
are next to impossible to characterize. Others are ^rrrple to mea- 
sure in a laboratory setup, but may not reflect downhole condi- 
tions. The cement setting process has been investigated . ex ten- . 
sively, but there are still many factors not fully umlerstood. We 

- have tried to extend the. knowledge by monitoring :'teinp era tureju. 
evolution,* hydrostatic pressure, rjermsstjiiifcy, ttesiasite stisngtrj^aod' 
total chemical shrinkage during hydration. We will in turn discuss 

.the importancerof these parameters. 

Cement hydration is an exothermic reaction :^hicb can be ob- 

. served as^a temperature increase. .Temperature is easy to measure^ ; 
and the shape, and peak of the temperaiurc:.einVe give valuable 
information on the hydration process; i.e.; hydrafikm onsst and. 
rate. The hydrostatic pressure , is important as gas flow into the 
cement will be initiated , when the pressure of thai c e m e n t column ■ 
falls below that of a gas bearing formation. 1 ' 3 This pressure drop , 
is due io cement shrinkage at the same lima. as the shear strength 
develops:- enabling the cement to hang*mto theraellfeore and casrr 
irig. 

But what mechanism will govern inflow of gas when the ce- 
ment . pressure Jias dropped, fer enough?. Wc^hsjikrrtbe capillary: 
entry pressure of the cement pore structure is important: W tea. 
exposing gas to the water- saturated cement, the rrorrwetting gas 
phase has. to overcome the entry pressure of the cemsstt pore, sys- 
tem due to the interfacial tension between cement pore fluid and - 
gas, The.entry pressure is high when the. pores are small while tka 
permeability on the other hand is low,.. and entry pressure is, in. 
general, inversely proportional to permeability. After having*over- . 
come the entry pressure; the relative rrermeabibty and the.differr 
ential pressure between the formation gas and the. cement cohunn . 



•Now wtth the Geological Survey of Norway., • 

Copyright © 1999 Society of Petroleum Engineers • 

Thra paper (SPE 57712) was revised for pufaHcaSon from paper SPE 38267, first 
at the 1997 SPE Western Regfanat Meeting net* fcr Long Base* 
Original manuscript received *w revfcaw 25 June 1SST. Revest! manuscript 
May 1999. Paper peer approved 21 June. 1999. 



0*13-. 



control how much cement pore water will be displaced by gas.. 
! -This iS a. complicated process where the permeability and pressure . 
change continuously. . 

; Considering, how impoitant the permeability is for -governing , 
flow, into and through; the cement pores, surprisingly little- worts » 
has beenr carried out* on permeability, during setting. - Sutton and ■■ 
. Ravi 4 state that low fluid loss slurries exhibit a permeability of 
less than 100 md at a static gel strength of 200 lb/ 1 00 ft 2 and that 
it approaches 5 md at 500 rb/i 00 ft 2 .- Wee et. aij have studied the . 
permeability of. bentonite-cement slurries and found a typical 
value of 50 to 100 md for fresh slurries and thai decreasing per- 
meabiiitv/ correlates- imearly urith irrcreasang surface, area: Only v 
Appleby -arid Wilson 6 have nmmfcored the> permeability at several . 
points of .time up- till and past final set.- Their, results- show an 
initial permeability about I darcy failing down to. aroand 1 md at- 
the temperature peak. 

When the cement slurry is in me process of losing: its hydraulic 
(liquid) properties, the strength of the cement matrix' is still low.* 
The pressure oirTerence tjerwera the fo nnaafan gas and the hydro- 
static pressure of the cement slnrry may p v ei co n re . the-.strength of . 
rfie matrix.' In this situation it is the xompressional strength of a.'., 
'confined cement! which-rs? of i mp o rta nce and. this strength param^- 
eler is the highest one. Therefore, we think that it is not very 
probable, that gas ; wiU break. te.BnatrnL^om outs cds sod migrate 
through the crested nucrofecuores. However, if gas. has entered; !. 
the cement, through its pores, it is the tensile strength of the ce- 
ment which has to* be overcome' in order to. break: the cement 
matrix. The tensile strength is the. Is west strength parameter; and 
..we believe .that, this is a likely « mechanism: of. fracntrn% the. xe* : 
meni, leading io gas migration. 

. We, therefore^ propose a new mechanism for initiating gas mi- 
gration. After the^gas has, entered the pons system of *fes cement - 
<4he gas inside may overcome the tensile strength of .*he cement 
structure; break . the. cement matrntv and migrate thrpngh' the. mi*- . 
cro fractures, inuring, the tey&axicm .pnssess all the. stodged param- • 
eters change continuously. The hydrostatic pressure inside the ce- 
ment slurry column drops and the gas bubbles already inside the 
cemcm.wg&^kercfbre^ : t - 

t&e cement matrix, stop thisexpansirm and the. (babies may mz£n-. . 
tarn their pressure Srhile the cement pressure wrSl continue to de- . . 
crease. This leads to a pressure difference, which may be - largs - 
enough to overcome-the. tensite strength of the- cemen t structure.- 
and thus creating fractures. "v . 

The hydrostatic pressure drop of the cement- column is mainly 
governed hy the chermcai shrinkage of the teSaem+BcSan initial 
set, a low shrinkage rate is preferable because the resulting hydros • 
static- pressure decline will be slower than, for a slurry with a 
higher sruinkage. rate-. Slow shrinkage has two advantages: pres- - 
sure, equilibrium between formation ami slurry column is reached. .. 
at a later point of time and afterwards the pressure- difference 
between formation and slurry, the. (hiving force behind flow of 
pore fluid mto the. cement; wiH be . lower.' Both. Actors should 
reduce the risk of early time gas migration. After initial set^how^ 
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Nitrogen 



Differential 

pressure 

transducer 



Pump 




Water 



SCementy 
% * < * % * i 

X X X *. X X X 

• * ✓ * •* + + , 

v x s. x \ VV 
> * + * * + * 



X % X X \ X X 
X X X X V X \ 



Fig. 1-PrfncipJe of the permeabfmy and fracturing setup: i 
is pumped into the cement causing a pressure increase. . 



ever, when high shrinkage jmd pressure. lo^ aire inevitable, a shoKr 
transit ion time will reduce the rime during -which gas migrarioir . 
can be initiate^' - ... *• * 

The chemical shrinkage may be divided in two -parts, external . 
and internal. The external shrinkage is the -bulk or external dimen-. 
sionat volume change of the slurry readi^, to a possible mi cman- • 
nulus between the cement and the well bote. The internal chemical 
shrmka^ is caused.by .fa^ 

' tribute to; 'the- cojmectivity between pores in a- set. cement, and 

- hence» to permeabihry. The tatol chemical shrinkage istte sanr-af ■ 
the external and rntemai shrinkage. - 

■. Chemical shrinkage of oil well, cements has - been investigated . 

- by sevcrakttsearcheT^tbe avast extensive uaiahave heenusuried . 
out by Chenevert «d Shrestfaa, 7 ajuLby .Sainns and.: Sutton, 8 - but 
other papers, have.afciv been presented. 9 : 11 - The- apphed ffimpexa^> 
tures and pressures range, from ambient ■ conditions 9 hut to % 22A -°C 
and 12L MPaJ Botox totalH 1 and external *»h<Trrir«t shrinkage 7 ^, 
were . repealed -with rr meal shrinkage .at 20V chv 24. Boors*, varying " 
from €.6 to 6 vol%» while most results were 'in the range of 13^ to_ 
3 vol%. Only Samns and Sutton 8 have performed measurements. ' 
of external- shrinkage.- under .rcuisrrc downhole .conditions. \ A«-. : 
cording . to them, most of this shrinkage, occurs when, the slurry 
still is plastic Their results saowad.au averages of QJj& vol% and - 
from tins they calculate^- tbfccaqnaaron pores to account for £7:5 
to 99% of the total shrinkage. Thus, from a gas. migration point of, 
view, the formation of contraction pores is by far the^fcargest and 
most important nari.of.the rH^mir-si shrinkage : . ■ «:v». 




Rg. 2-^Pressure 
test. 



differential pressure between the water and the gas lines which is 
used to find both the perrneabiHty and tensile strength. All param- 
eters were; recorded; by -a data ^^msitHHi cnid aad ^siar^ m a. 
personal-, compmer. The - slurries, were : prepare d and'rnixed inrsc-. 
cordance with AP* Spec. 10. 12 • ■ 

. Before a new -slurry was tested, for. peancab ility arur strength^, 
one nondestructive test: was carried out to obtain complete ^ tem- 
perature, and pressure curves for the whole setting process. This 
initial run was also an aid to cheese the points of time, when to run 
the permeability and strength: Jests. .•!.>.* 

-5" : To find .the permeabiHty; -a small .fate" of water : {q lr ss ^J to: 
0.33 mL/rnin) was pumped into: the cement shnry until a constant 
pressure was obtained. Trusts shown hi. wtete the jftrst. 

part of the p r essure /rime^ carve sepresent s this part of the experi- . 
ment. 'When the pressure reached a constant level during, pump-' 
*mV the flow «was a ssam e d mW-Oacy; aew»laEBbhag qangoataa v 
of the slurry permeability. Jrs ■ ^ 
TTjeHensiletstnaBgth m&vau pman nre- barest on tfacpn yaeipte of- 
hydraulic rracrurmg.-and.weT^ dune- 1 rmrxute after the 

peTmeabrtiry test. A high rate of waier4?/=^5 to20Tni-/mtn) s was 
purnped rriro thercerrttiU srurfy !»r^ -^hi- | i ^ qf^^f^^^^ T^r^^y 
to a- maximum value At thi<i point the> K-mH^ wng^ ni~- t*^ - 
cement shirry was exceeded, a fracture developed;, and the pres-' 



Permeability and Tensile Strength. The rjermeabihty and the 
tensile strength of ^a. cement slurry were measured in the same cell 
where, measurements can be done at . temperatures up to 200 °C. -. 
and at pressures up to 20 bars^fci addition; rhe .temperature eve*::' . 
. lution and hydrostatic pressure .were recorded. Fig^f. shows theV:- 
setup with .'the. cell, filled with * cement srunr ^hcre rherrliameteTjfxf ' 
the cell is 5 cm and the height of the cement column is 25 cm The . 
water inlet is placed 5 cm from the bottom of the celL By ustru^' s 
four, cells, measurements can be-done at four different thne point? 
after mixing, and thus, generating, a trend. curve. To map the ■. 
whole permeability and strength development 2 to 4 of these four- 
cell measurements had to be carried out. The top of the ceU^above 
the. cement; slurry; is irUed .witamuogen: gas, and" the system ? is . ■ 
pressurized" from 15 to 20 bar;. A p ressure . trartsdticec measures Jfac" 




Backc et aL: Curing-Cement Slurries 



SPE Drill. & Completion, VoL14, No. 3, September 1999 163 





TABLE 1 


-CEMENT SLURRY OATA^RECJPE. AND RESULTS 


















Slurry 










-• ' 


T 


B 


A. 


C. • D 


E "'' 


" F 


Q 












. — 

Slurry Data 








Test Temperature, *C " 




90' 


180 


t40 


140 • 140 


; 140 


140 


140 


Slurry Densfty, g/cm 3 * 




1.90 


. 2:15 


2:05 ' 


y tn -o nfi 


2-07 


. -1.98 


. 1.88 












Slurry Recipe 








Additive . 


ywi i 
















API Class G Cement 


322 


100:00.. 


100.00 . 


100.00 


100.00':. 100.00 


•inn nn . 
lUU.UU 


inn nn 


.100.00* 


Fresh Water, thk* ... 


1 00 


43.24 


54^86 


45.52. 


39.96 44.28 . 


44.28 


44.28. 


.. 44.28 


Weight Material, % bwoc** 


*" 4.85 




74.87 


38.77' 


13.88 13.88 , 


13.00 


13.88 


AnHstaenolh Rptmnr % hunv**- 






26.03 


25:97 : 


*ir» nn vi on 








• AfiBoas Migration ihk ■ 


1 in 




13.00 


13.00 


12.00 








Dispersant ttik 


1.21 




. .- 3.00 


. 3.00 


3.00 3.00 


3.00 


3.00 


3.00 


Retarder; Low Temp., Ihk 


1.20 


" 0.80 










Retarder. Medium Temp., Ihk 


1.18 






1.25 


1.25 1.25 


1.25 






Retarder, High Temp., % bwoc 


1-25 




0.80 ... 








Antrfiuid Loss, Ihk 


\ 1.04 




3.00 


. 5.00 ■ 


3.00 








osteite Hour % bwoc 


2.72 










30.0Q 








.• 








Gas -Tightness .. 








Gas Tightness fn Test Rkj 




Leak 


Tight 


Tight ' 











Gas Tightness Number; F gt : . 




21-2Q 


4-9 


as/ 


" 3.5 


3.9 


4.7 


. 8-0./ 


: . •' 










Shrinkage 








Cement, vol% 




. 41.35 . 


23.74 


, 26.63 . 


.29.73 33.12.. 


33.22 . 


37.67 X 


39.02 


Shrinkage at 20 hours, vot% 




3.92 . , 


Z61 , 


. : 1.79. 


" 1..98 -: . ;. 2.58 '. 


2.49 


. 2^84 


3.11 


Shrinkage at 20 hours, rnL/100 g 




2.34 


3.*1 <. 


2J>9. 


. Z08 - 1.'." 2!42 


2J33 


; 2.34. . 


2.48 '/' 


Cement 














♦Liters per hundred kilos of cement. 
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sure dn^peiLiistontJy..hi ftg. 2 the accoadVpeak of the pressuBt/. 
time curve represents the-- fracturing pressure -After ther; test; a,, 
horizontal fracture at. the level of the water mh^ could be observed:, 
in the cement and the maximum suenglh.thal,' CBn~be measmed : 
with the apparatus . is 5 bar- At this strength the- cement 'has t 
reached final set and is quite hard (for comparison, sandstones 
have a tensil e, strength of 40 to .150 bmi. 

Shrinkage. For the shrinkage measurements*, second- cell was ■ 
made. The, measurements were based on the pressure/volume re-' . 
lationship of a gas* The principle', is shown m.Kg^3, mdicainrg ; 
initial conditions in the left-hand figure.! At a later stage, shown in 
the right of .Fig. 3, the shrinkage process leads to a lower gas. 
pressure. When tbe initial terhperatanc* pms arevand volumes are **' 



known, the shrinkage can faexcaiculaiedOTthe 4>os»:*f the < 
tinuously declining pressure during the test. The calculation is 
also corrected: for gas. temperature. Total shrinkage. vas measured 
by placing the cement m a slightly perrheabte paper cup txintam- 
ing artmmf^O m*J of slurry. All samples were weighed before and 
after each- test, and the volume. of the. hardened sample, was found 
by applying Archimedes' principle*- The applied pTessure/.Was in 
the range of 6 to 16 bar, which was measured with an accu r acy of 
±0.15%. Ail parameters were recorded by a- data "logger 'and ' 
stored in a personal computer.'." . 

The method works well but has. some drawbacks. It requires 
precision m the initial values and it is sensitive to temperature, 
changes. The shrinkage calculations are taken from the. point of 
maximum pressure or when the resctenrnerarore stabilizes because. . 
we were unable to quantify the water expansion that occurs "before .. 



* this .point of time. Ttas has* the-, ad vantage , thai any shrinkage, o©-" 
currirrg befae^piacernent of thexemenrm v-weM. wife not betnduer 
into accounVCTen though, some iranaL shrinkage, may nor be* re- . 

r 11 

' Resufts auul OBsszaasacBZ 

Our tests were mainly p e r funn ed at 140 °C, ahhoughrrhs -test ? pro* : > 
gram; also, included experiments at lower and higher tem p er a tures 
as-welL Trie recipes ami data of the slurries presented, in this paper, 
are shown in T«bAe I; Slurry T is a very simple test mixture which- : 
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Rg; 5— Slurry A at 140 *C: 
permeability. . 




strength, and-. 



Rg.T-Slunry Tat 9a°C: temrxsrature and shrtnftaga L, 



is not gas light, while slurries A and B are commercial recipes 
containing all the necessary additives to avoid gas migration. Slur- 
ries C-G will be discussed below. The permeability, tensile, 
strength, and shrinkage . results of slurries T, . A* and B are .pre-, 
semed in-Fig* *4ftsrmgfr.£ where thejsh*mkage is -given as both- . 
vol% and rnL/lOO g cement.' The nuVl 00 Rvalues are a measure 
of degree of hydration; . 

It is difficult to compare ourpermeabnity results, with some. of. 
those from the. literature 4 * 5 because of differing conditions.. How^ 
ever, Appleby and Wilson's 6 data compare well with our results 
where the. curve shapes, and the rjermeabilhies-at the tern pe ratere . 
peak are similar! Qur slir^^ 
range presented- in theJiterarure.?' 1 , ; 



Temperature hillm n n. From Figs; 4> through 9.4t is evident that, 
there is a considerable difference in behavior between the three, 
slurries at 90, I40,and i80. ? C.*Fqr. slurry' A at 140 0 C:ail*param^. 
eters change very rapidly .when theiryoranda; starts,. whereaa>the : 
other two slurries at 90 and. 1 80 °C are -slower. For all three slur- . 

: ries the temperature peaks comeide. with the most marked-changes - 
of the other measured parameters, and the higher the. cement tem- 
perature is., above the set temperature^ the. more rapid are these - 
changes. As an example., slurry A with rneniosiLpTonounccdiem? 
perature peak also shows the fastest initial shrinkage up=to > vorV* • 
and thereafter a- decaying shrinkage. rate, and temperature. The. 

■ temperature peak of starry B is the- lowest co rresponding, to-the.; 
slowest initial shrinkage (see. Fig. 9), The same is. true for its ., 
permeability and. tensile strength, this correlation is -to- be*£Xr 
pectexr as the temperainre evolution is^u measure. ' of the. rate. of.-, 



hydration, and hence, the parameter behavior. Later in the curing 
-process, after around 15 hours, the shrinkage measured in mL/100 
g is higher forshnries T and B than for slurry* A: More interesting ■ I 
from a hydration point of view, though, are the two temperature 
peaks of sJurries T and B, the first beirupat 5 to. 7 hours and the; 
^ond around -15 -to 20 hoors^seen ?n Fij^; 7 anoVd.v «=- \ 

We also tested several other slurries at the temperatures 90; 140 
and 1 80 °C and they exhibited the. same behavior, demonstrating . 

• that thrs 'is 'a general trend:; A . closer look at -the. literature aiso - 
confirm this behavior. The freshwater-based slurries of Chenevert •'. 
and Sluestha? at 93, 121; and \17 6 C are not strictly.xomparable 

• 'as they measured the e xterna* and not total shrinkage. Neverthe-': 
•less, their Tnedsusn tenmerature slurry does snow the . fastest mrnat 
-shrinkage. Sahrns ef^rf* 13 . carried oat a substantial number Of cotrr- .. 
pressive strength tests and their 24-hour results aretpiooed in Fig* . 

■*f§t Apart frorrr two slurries at •r43 < *C wmVa strength above 2Gk-:- 
M Pa, the. strength of the, cements above- 1 35 °C is lower than ihose . 
below this t cmpei a t uje . . Satms-mt g 1 Sutton H extended ihia-worij: . 

' and the fesuhs inflow the same trend ahltoiigh not -so eleariy: ' • 
.However, one question remains, how can this temperature ir>-- 
Thi rrtcc berexpiarned? The recipes of the slurries A and' B at. 140 
and 180 °C, . respectively, are:, very . similar, but. thetxr behavior is 
Quite different;- implying tharthrf 'drflBe iruue may fee a^tegpetatprc: >> 
effect on the: ccanent: Jtyararicn chemistry. We leave. this question 



■&m» Bghhwa With respecHo 'gas "wn gbition^ a*. shBrt-transju on> r <\ 
j&eriod (as -with slurry will ' limit the periods which gas can 
enter the cement, thus, reducing . the hazard 'of gas rnigzatkm. . All* * * . 
three-'sluii ie> were also tested ; uv the *gas migratiorr.Tt^.of Jarnth " 
et aL f ts where the T slurry was leaking and the other two were- 
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Tuna (hour) 



Rg. B-Shirry A at 140 °Ci temperature and srrrinfcage. 
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Rg- S-Sluny S at 180 - C: temperature and shrinkage. 



'25 30. -35 

Cement c o nten t (voflfc) 

Fig- i 1 -Shrinkage at 20 hours vs. cement 



tight. This may be due to the simple composition of this shiny. 

In order to relate the hydrostatic pressure; .tensile- strength, and 
permeability to gas . tightness, a systematic interpretation of the 
results for several slurries ; were . performed. For- the untight 
cementSv . the: hydrostatic pressure', dropped '^airnosty immediately 
down to the water column pressure (30 mbar ra FrgJ. 4), stayed: 
constant for some time,. and then fell abruptly. The.gas tight pastes 
in Figs. 5 and 6 were better at maratainmg. the hydrostatic cement 
pressure until the onset of hyoVaHon_ Buildup of. tensile, strength, 
was generally also faster for the tight cements, indicating the im- 
portance of a short transition period:; > r. , ... 

Based on the tensile .strength buildup we have defined a time 
window, A/ —fj — r,:: The two points- of time tj. and f 2 representa 
tensile strength of 03 andLS bars, respectively.; At time / z the? 
cement is hard. The strength buildup should be. rapid; thny At 
should be small. For thebasic slurry, we found in Fig: -4 tiiat A/ is 
ft hours, while m Fig:.5 &r.is 1 £mmntf 8 for the gas rigatshiny. A^i. 
Slurry B at 180 °C exhibited a dra&airmddw of *1.6 hours. At the 
same points of timei the permeabilities « t and k 2 are recorded, in 
order to avoid gas intrusion into the pores, the> permeabrli^/shou id- 
be low within the time window. The theoretical initial hydrostatic., 
pressure of. the fresh cement sluny os«ieno^p ( . ax^ ofthe 
hydrostatic .pressure atJhe ume when-the strength starts bniidmg. . 
up, i-e„>, at i,, should be small. Therefore, the value. of (> ( 
-~P\) should be smalL . : . • - . " . 

The three parameters, the rirne. window, the permeabiHues, andv 
the hydrostatic pressures may be combined in various, ways to. find v 



a factor that can characterize a cement's ability to resist gas mi- 
gration. We have tested, the' fo Bowing, cooibmation of the param- 
eters^ called the: gas Ughtness factor?- . " '• 



0) 



- From the' discussion above, we conclude that the factor should be * 
as small as possible to-have a gas-tight cement.. 
* *in Table '-I' the leaking rslurry T has a F^ t .value, above 20- 
whereas the three tight slurries exhibit values below 5^ Thus, 
based on these slurries, the threshold is somewhere between 5 and 
20: To further test the iT g > factor* slurry A was used as' a starting- 
point for. siiupiffying .the cement co rnpogtio nr'to study me infta- 
ence of additives on. gas mrgratiore Tte^ fattorsof ... 

Starries-D-^O are shown in Table . 1 and the results show that 

^roprifying the* recipe witt- increase' the Fg f .fecton These slurries 
were hot tested in the gas tig, but slurry G with a value of 8 would 
prpbabiy :leak. dn&Ap its fiirnpfcejrecip^ Later resute, however; . 
show "some overly and leaking stems;' but tire- - 

general trend is sriJfr clear^iie^ a s>k^ transiueo perrod is esaeouah 
for a .gas^egfai crnrerec *-*■".*, 



: 2D 



i 
s 



W.itii~smsr addfeprv the. 140%-,. 
slurries tested for the. -factor were also tested fc^r shrinkages . 
The recipes and data of slurries: C-G are shown in Table 1. The 
shrinkage at 2Q hours was found to be correlated to the cement- 
, .content, as shown-, in fig. H v where the^curve.ts. forced through ? 
zero, as zero-cement content should yield no shaankage . This cor- 
relation is self-evident, and has been. reported- previously 2* with- 
out being . linked to. the .gas wgxa tiu ii yrobjenx, however.; As long ..: . 
as the strength development of the cement slurry is -satisfactory, 
more use of inert extender will reduce the shrinkage and the risk . 
of gas v migration. Tne^ data Jn^Tame .1 surjport this oonckuaon* . 
where the only leaking recipe, slurry T, shows 4he highest abso- 
lute shrinkage at 20 hours. " 



too. 

Temperature (*C) 



150 



200 



Fig. 1 0-Compnessrve strength at 24 hours. The dotted tines 
represent the average witrtrn me two temperature ranges <ejc- 
eluding the two gray points). Data from Sabins et af. (Ref. 13). 



I. Two cells -were successfully developed to study hydro stanc 
pressure,., temperature, evolution, , tensile strength,, permeability, 
and total shrinkage during rfmpnt-hydrgtionr ••*• * ' 

2: A new mechanism for gas migration is proposed. First, tier 
gas has to overcome the entry pressure of the cement pores, and 
once inside the cement (caused by the commuousiy changing, 
pressure conditions) tfae_gas may fracnnr:the cement structure, •^j- 

3. There is a marked contrast in behavior of slurriesat 90, 140 . 
and 1 80 °C Where the 90 and 1 80 °C slurries exhibit two tempera- 
tore peaks...\Tnis : .dtilerencev-i5.ino5t likely due: nv a . 
. 'effect on the. cement hydration chemistry. 
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4. To' predict migration problems, a gas -tightness factor based;: 
on the collected, data was defined and:«>nipai^'to resukyifr-aigas 
migration test rig. A s^OTt rnmsitionipMiorf is important- . 

5. There is a. positive correlalion beiweerr totals hcmicaj shrinks . 
age and cement content. A low .shrinkage: will Teduce.ihe jisk of. 
gas migration. 



F st - gas tighmess factor as defined, in £q_(l> 

k = permeability, L?,md 

p = pressure, m/Lt\ bar, mbar, MPa 

q = now rate, jj/t, mUrnih 

t = time/ f, hour, minute 
A/. = time difference; U hour, minute •« 



1,2 = point of time. 
• / = fracture ■ 
i = initial 
- permeability 
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Foreword 



, ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies 
(ISO member bodies). The work of preparing International. Standards is normally carried out through ISO 
technical committees. Each member body interested in a subject for which a technical committee has been 
established has the right to be represented on that committee. International organizations, governmental and 
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the 
International Electrotechnical Commission (IEC) on all matters of electrotechhical standardization. 

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 3. 

Draft International Standards adopted by the technical committees are circulated to the member bodies for 
voting. Publication as an International Standard requires approval by at least 75% of the member bodies 
casting a vote. 

Attention is drawn to the possibility that some of elements of this part of ISO 10425 may be subject of patent 
rights. ISO shall not be held responsible for identifying any or ail such patent rights.. 

international Standard ISO 10426-5 was prepared by Technical Committee ISO/TC 67 "Materials, equipment 
and offshore structures for petroieum and natural gas industries, Sub-Committee SC3 Drilling and completion 
fluids, and well cements". 



ISO 10426 consists of the following parts, under the general title Petroleum and natural gas industries - 
Cements and materials for well cementing: 

Part 1: Specification. 

Part 2+Testing of well cements. 

Part 3: Testing of deepwater wefl cement formulations 

Part 4: Methods for atmospheric foamed cement slurry preparation and testing 
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Introduction 



Users of this part of ISO 10426 should be aware that further or differing requirements may be needed for 
individual applications/ This part of ISO 10426 is not intended to inhibit a vendor from offering, or the 
purchaser from accepting, alternative equipment or engineering solutions for the individual application. This 
may be particularly applicable where there is innovative or developing technology. Where an alternative is 
offered, the vendor should identify any variations from this International Standard and provide details. 



Dimensional change after placement in oil and gas well cement slurry, a phenomenon often referred to as 
shrinkage, has often been used to explain various problems (e.g. microannulus leading to bad cement bond 
logs, interzonal communication leading to costly remedial jobs and also lack of a sea! of cement inflatable 
packers). Attempts have been made to find additives to decrease shrinkage, but shrinkage (as well as the 
exothermal reaction) is closely related to the hydration of the cement. The best solution for this shrinkage so 
far has been the identification of additives that favor the expansion of the cement slurry. However, even if 
cement expands dimensionally, it still will shrink internally. In this case, the bulk expansion of the cement 
sample is simply superposed on an inner shrinkage that will affect the porosity of the sample. Shrinkage is not 
just one property of cement, such as rheology or thickening time that can be defined by one measurement. 

Shrinkage and expansion in cement slurry result from the formation of hydration products having a different' 
density from the compounded density of the reaction components. This can result in: 

• Change in pore volume 

* Change in pore pressure 

* Change in sample dimensions 

• Change in internal stress. 

The change in sample dimensions will be referred to as bulk shrinkage or bulk expansion. The change in pore 
volume will be referred to as chemical inner (hydration) shrinkage. Shrinkage and expansion of cement slurry 
refer to the result of the measurement of a volume change in cement slurry. This will be expressed in percent 
by volume. The volume to which all volume changes are related, is the volume of the slurry immediately after 
mixing and placement in the experimental equipment. 

In this part of ISO 10426, units are given as SI, and where practical, U.S. Customary units are included in 
brackets for information. 
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Petroleum and natural gas industries - Cements .and materials 
for well cementing - Part 5: Test methods for determination of 
shrinkage and expansion of well cement formulations 



1 Scope 

This part of ISO 10426 provides the methods for the testing of well cement formulations determine the 
volumetric changes during the curing process. 

2 Normative reference 

The following normative documents contain provisions which, through reference in this text, constitute 
provisions of this International Standard. For dated references, subsequent amendments to, or revisions of 
any of these publications do not apply. However, parties to agreements based on this International Standard 
are encouraged to investigate the possibility of applying the most recent editions of the normative documents 
indicated beJow. For undated references, the latest edition of the normative document referred to applies 
Members of ISO arid IEC maintain registers of currently valid International Standards. 

ISO 10426:2000, Petroleum and natural gas industries - Cements and materials for well cementing- Part 1 
Specification y * 

ISO 10426:— ^ Petroleum and natural gas industries - Cements and materials for well cementing- Part 2 
Recommended practice for testing of well cements. 



3 Terms and definitions 

For the purposes of this part of ISO 10426, the following terms and definitions apply. 
3.1 

Bulk expansion 

an increase in the external volume (dimensions) of a cement sample 
3.2 

Bulk shrinkage 

a decrease in the external volume (dimensions) of a cement sample 
3.3 

Inner expansion 

the volumetric change of a cement sample measured by the amount of fluid expelled from the cement 
3.4 

Inner shrinkage 

the volumetric change of a cement sample measured by the amount of fluid entering the cement 



To be published 



Working Draft VI .5 



ISQAVD 10426-5 



3.5 

Chemical or hydration shrinkage 

the reduction of volume of product hydrates versus the volume of anhydrous compounds plus water 
fixed boundary conditions inner shrinkage = chemical shrinkage). 



4 Sampling 



4.1 General 

Samples of the neat cement or cement blend, solid and liquid additives, and mixing water are required to test 
a slurry according to this Test Methods. Accordingly, the best available sampling technology should be 
employed to ensure the laboratory test conditions and materials match as closely as possible thosefound at 
the wellsite. Some commonly used sampling devices may be found in Figure 1 of ISO 10426-2: — . 



Applicable sampling techniques for the fluids and materials used may be found in clause 4 of ISO 10426-2: — . 



5 Determination of linear shrinkage or expansion under conditions of free access of 
water: annular ring test 

5.1 General information 

The annular mould is a device suitable to measure the bulk linear shrinkage or expansion properties of cement 
composition. The magnitude of expansion depends on the amount of expanding agent, cement powder, slurry 
design and curing condition (pressure, temperature, time, fluid access). Besides, it should be noticed that 
expansion is a strong function of boundary condition. The chemical process of mineral growth is strongly 
controlled by the state of stress, and mineral growth will tend to occur where the stress value is the lowest, i. e. 
in pore space or empty spaces ..Therefore, the cement shrinkage/expansion is not just one material property, 
which could be uniquely defined. The test does not represent fully the annulus of a well. 

5.2 Apparatus ,< , 
5.2.1 Mould 

Use corrosion-resistant metal (i.e. stainless steel). The O.D. of inner ring shall be 50,8 mm (2 inches) and I.D. 
of outer expansion ring shall be 88,9 mm (3,5 inches). Figure 1 ,2 and 3. 



4.2 Method 





Figure 1 



Figure 2 



Worfrn* Draft V}.5 ( ; ISO^D 10426-S 




All measures are expressed in mm. 



Figure 3 
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5.2.1.1 Ring calibration 

The resilience of the ring of mould shall be calibrated annually. The resilience shall be such that the action 
mass of 1000 ± 1g applied as shown in figure 4 shall increase the distance between the two indicator balls of 2 
± 0,3 mm (0,0787 ± 0,01 1 8 inches) .without permanent deformation. 

Attention must be paid to ensure that the load applied is perpendicular to the gap (90°) in order to avoid error, 
which might be easily made. The readings must be repeated at least three fold to obtain an average value with 
St. Dev. 0,05. 



Resilience test 




0g 1000 ± 1 g 



Figure 4 

5.2.1.2 Spacer block 

The spacer block shall be used only in case of shrinkage measurement. The dimension of block should be 
3.175 to 6,35 mm square (0,125 to 0 ? 25 inches) and 22,225 mm tali (0.875 inch). To ensure that the spacer 
block- s thermal expansion properties are the same as that of the expandable outer ring, the block should be 1 
made of stainless steel. 



5.2.2 Water curing bath 

A curing bath or tank having dimensions suitable for the complete immersion of a mould(s) in water and 
capable of being maintained within ± 2 °C (± 3 °F) of the prescribed test temperatures shall be employed The 
two types of water curing baths are: * 

5.2.2.1 Atmospheric pressure apparatus (bath) 

An atmospheric pressure apparatus (bath) for curing specimens at temperatures of 90 °C (194 °F) or less shall 
have an agitator or circulating system . 

5.2.2.2 Pressurised apparatus 

A pressurised apparatus suitable for curing specimens at the appropriate final test temperature ± 2 °C (± 3 °F) 
and at pressure that can be controlled at least 20,7 MPa ± 0,345 MPa (± 50 psi) shall be used. The vessel 
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shall be capable of fulfilling the appropriate schedules described in clause 7 of .SO 10426-2:-. or a schedule 
designed to simulate a specific well's- conditions. 

5.2.3 Cooling bath 

The cooling bath dimensions shall be such that the specimen to be cooled from the curing temperature can be 
compietely submerged in water maintained at 27 °C ± 3 °C (80 F ± 5 h). 

5.2.4 Temperature measuring system 

The temperature measuring system shall be calibrated to an accuracy of ± 2 =C < ± ^SSSSJ^Si 

no less frequent than monthly. The procedure descnbed in annex A of ISO 10426 2. . is commoniy 
Two commonly used temperature measuring systems are: 

5.2.4.1 Thermometer 

A thermometer with a range including 21 *C to 100°C (70 *F to 212 -F) with minimum scale divisions not 
exceeding 1 °C (2 °F) may be used. 

5.2.4.2 Thermocouple 

A thermocouple system with the appropriate range may be used. 

5.2.5 Consistometer 

The atmospheric pressure consistometer shall be used for stirring and l*™*^^ 

ronsistometer consists of a rotating cylindrical slurry container, equipped with an essentially stationary paaote 

2 mblyjn 'fS&tiZ controWquid bath. The consistometer shall be capable 

temoerature of the bath at ±1,7°C ( ±3"F) and of rotating the slurry container at a speed of 2 5 rev/sec, ± .0,25 

rev/sec 150 r/min +15 r/min) during the stirring arid conditioning period for the slurry. The paddle . and aj 

^V^e S^Sr 'exposed to the slurry shaH be constructed of corros.on-res.stant matenals, .n 

accordance with ISO/DIS 10426-1:2000. 

5.3 Procedure 

5.3.1 Preparation of moulds 

Th- assembled moulds shall be watertight. The interior faces of the moulds and the contact surfaces of the 
Sef Z ZommX%™T™*e* wrth'release agent, but may be clean and dry. Place spacer block ms.de 
the split of outer ring only in case of shrinkage test measurement. 

5.3.2 Preparation and placement of slurry 
5.3,2.1 Slurry 

Test samples should be prepared according to clause 5 of ISO 10426-2:-. The mixing device should be 
cSorXd annually"? alolertnce of + /- 3,3 rev/sec (200 r/min) at 66,7 rev/sec (4000 r/m-n) speed and + /- 8,3 
rev/sec (500 r/min) at 200 rev/sec (1 2 000 r/min). 
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If larger slurry volumes are needed, an alternate method for slurry preparation is found in Annex A of 
IS0 10426-2:— . As required, the density of the cement slurry can be determined by methods found in clause 
6 of ISO 10426-2:—. 



5.3.2.2 SJurry conditioning 

The cement slurry should be poured immediately into the slurry cup ! of an atmospheric consistometer for 
conditioning. The slurry cup should be initially at ambient temperature to avoid the possibility of thermally 
shocking temperature sensitive slurries. The slurry should be then heated to the desired test temperature up to 
90°C (194°F).The thickening time schedule which most closely simulates actual field conditions should be 
followed.. ■•*. ■ , ■:. •. . • 



5.3.3 Curing at atmospheric pressure 

After conditioning the slurry is poured into the large hole at the outer portion of the tip of the ring mould, 
preheated at test temperature in oven. The small hole in the top of the mould is for venting air from the mould 
during filling. The mould is filled until the slurry exits the small hole. On some thicker slurry, the mould may 
need to be tapped or vibrated to ensure it is completely filled. 

Once the slurry is poured, the moulcf 'is placed into a thermostated water bath at test temperature. Slurry is in 
contact with water during the entire test. After curing, the sample is cooled to below 77 °C (170 °F). 
Water entry will compensate for any inner shrinkage as long as the cement matrix is permeable. If the cement 
expands during. the hydration period the outside diameter of the annulus will expand. 

5.3.4 Curing at pressure above atmospheric 

After conditioning the slurry is poured into the large hole at the outer portion of the tip of the ring mould, 
preheated at 80°C (176 °F) in oven. The small hole in the top of the mould is for venting air from the mould 
during filling. The mould is filled until the slurry exits the small hole. On some thicker slurry, the mould may 
need to be tapped or vibrated to ensure it is completely filled. 

Place the mould in a preheated [80°C (176°F)] pressure vessel. Further heat the slurry to test temperature in 
the time required to take the slurry from a depth with 80°C (176°F) circulating temperature to test temperature 
(use appropriate schedules described in clause 7 of ISO 10426-2:— or a schedule designed to simulate a 
specific well's conditions). Some heating chambers may not be able to heat fast enough and in that case heat ' 
as fast as possible but minimize overshooting the test temperature. Maintain the slurry at test temperature 
until it is time to cool the chamber to 80°C (176°F). The time required to cool the equipment from elevated 
temperatures to 80°C (176 C F) will vary. The pressure applied can simulate bottom hole conditions, if desired. 

5.3.5 Test Period 

The test period is the elapsed time from subjecting the sample to temperature in the atmospheric 
consistometer to the time of final measurement to the end of curing time. 

5.4 Measurement and CaicuSations 

Before curing, in atmospheric bath or in pressure vessel, an initial measure is taken with a micrometer for 
calibration of the annular ring. The micrometer is opened and placed on the smooth, flat surface beside the 
mould to measure the distance between the outside of the steel balls attached to each side of the split on the 
expandable ring, with the spacer block in place if used. 

After curing measurement is taken in the same manner as the initial measurement. If spacer block is used, 
carefully remove it. (important, do not expand the outer expandable ring while removing the spacer block). The 
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distance between the two steel balis is to be measured with a micrometer with a precision of 0,01 mm (0,01 
inch). This measurement must .be performed very quickly (less than 15 minutes) to prevent the specimen from 
sufficient cooling and causing an erroneous measurement. 

One can measure linear shrinkage or expansion with this test. This is noted as a positive value indicates 
expansion, a negative value indicates shrinkage. 

The percent linear shrinkage or expansion is calculated as follows: : 
% /e = (d f -d)xO t 3S8 
■ Where: 

% /e a is the linear shrinkage or expansion of the cement sample, expressed in per cent (%) 
dj = is the final distance measurement after curing, expressed in millimetres (mm) 
d = is the initial distance measurement, expressed in millimetres (mm) 

Alternatively, the percent linear shrinkage or expansion can be calculated as follows: 

%/«,= (<£•- 4) x 9,095 
Where: 

° /o ie = is the linear shrinkage or expansion of the cement sample, expressed in per cent (%) 
d f = is the final distance measurement after curing, expressed in inches (in) 
d i = is the initial distance measurement, expressed in inches (in) 

The coefficient is calculated considering an I.D. of outer expansion ring of 88,9 mm (3,5 inches). 

It is assumed the linear expansion is the change in circumference as measured by the change in space by the 
balls. The measure is chords and not arcs, but because the difference is small, it can be neglected because of 
the small distance between the measurement balls, no correction is needed for extrapolating from the initial 
measurement of the mould at room 'temperature to the measurement at the actual test temperature. The 
theoretical correction for the metal used in the moulds is only 0,005% for each 35°C (100 C F) above the initial 
room temperature measurement. The result shall be reported with corresponding test period. 
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Determination of bulk shrinkage or expansion under impermeable 
membrane test 



6,1 General information 



a well. 
6.2 Apparatus 
6.2.1 Membrane 



slurry volume 



Data acquisition 
system 








blurry in impermeable 




M 


membrane 






Thermostated 






bath 







Figure 5 
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6.2.2 Water curing bath 



be distilled or deionized and degassed. 
6.2.3 Temperature measuring system 

The temperature measuring system shall be calibrate an accuracy of * 2 ^F) ; <™J£™^ 
no less frequent than monthly. The procedure described in annex A of IbU iu*» . 
Two commonly used temperature measuring systems are: • 

6.2.3.1 Thermometer 

„ -_»i,»ii nn 91 t tn mo °C (70 e F to 212 °F) with minimum scale divisions not 
A thermometer with a range including 21 C to iuu u y/v r *j , 

exceeding -1 °C (2 °F) may be used. 

6.2.3.2 Thermocouple 

A thermocouple system with the appropriate range may be used. 
6.2.4 Electronic scales 

Electronic scales with precision of O.OIg shall be used (preferred with data acquisition interfaced with 
computer) 

6.3 Procedure 

6,3.1 Preparation and placement of slurry , 
6.3.1.1 Slurry 

rev7sec (500 r/min) at 200 rev/sec (1 2 000 r/min). 
6 of ISO 10426-2:—. 
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6.3.1.2 Piacing slurry in mambrane 

Condition the slurry in the atmospheric consistometer (see 5.2.5) for a period of 20 minutes ±30 seconds. The 

bath temperature shall be maintained at 27 ±1 ,7°C (80 ±3 -F) throughout the stirring pejod. 

The slurry is poured into an impermeable flexible membrane, which is sealed by tying a knot at the top. Make 

sure the knot is absolutely tight so no water from the bath can access the slurry ounng the test. 

The volume of slurry shall be 1 50 ±30 ml_ 

Settlinq of slurry must be avoided with properly optimized slurry composition. 

Extreme care is taken so that no air is entrapped in the slurry or at the top of the membrane. 

fn particularly, when one can see an expansion while cement has not yet reached the temperature of the bath 

(beginning of test), it may correspond to thermal expansion of the air. which has been trapped. In this case the 

test is invalid and must be repeated. 

6.3.2 Curing 

Once membrane has been prepared it is placed in a fine net and suspended to the balance hook and 
immersed in thermostated water bath at test temperature. 

Attention shall be paid to avoid that air is attached to the external surfaces of the membrane or net. 
?K watei • evaporatton in the bath is not critical at 35 °C (95 =F). It becomes significant at h.gher temperatures 
A reference level is chosen for the water bath and water regularly added at the same tempera.ure ±2 C(xd 
•F). _ - 

6.4 Measurement and Calculations 

The pseudo weight, as measured by the balance, is the weight of the. membrane containing cement minus the 
buoyancy force acting on it (W - B). B is equal to the volume of the membrane containing cement multiplied by 

ttSE^Z^^m* temperature are recorded during the test. Data are recorded every 

1 0 minutes. An increase of the pseudo weight corresponds to a decrease of the volume (shrinkage). 

After a certain period of time, the hardened cement is removed from the membrane and weighed. This set up 

is used to measure bulk shrinkage or bulk expansion. y , ni ,, ma th* 

Because the membrane test can result in either a decrease or an increase of the external volume, the 

volumetric change measured with the membrane is called percent bulk change and noted as /o /e . 

To calculate the initial and final volumes, and then the shrinkage or expansion, one assumes that the weight 

and volume of the membrane and the net are very small. 

Therefore a positive value corresponds to a .-bulk expansion, while a negative value corresponds to a bulk 
shrinkage. 

The percent shrinkage or expansion is calculated as follows: 

% /f =100x(V f -V})/V/ / 

Where: 

V r W-(W-Bj) 

V,= W-(W-Bf) ■ 



io 



\) f orking. Draft Vi.5 



I&QAVP 10426-5 



Where: 

Vi= initial volume of the cement slurry, expressed in miiiilitres (mL) 
V f = final volume of the cement slurry, expressed in miiiilitres (mL) 
W = weight of cement slurry, expressed in gram (g) r mi x 

= initial volume of the membrane containing cement slurry, expressed in m , J I litres (mL) 
3 = final volume of the membrane containing cement slurry, expressed in miiiilitres (mL) 

The test period is the elapsed time, from subjecting the sample to curing in the atmospheric consistometer to 
the time of final measurement to the end of curing time. 
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Ongoing problems with sustained annular gas pressure on 
producing wells wordwide is a prime indicator that more -work 
is needed in understanding how cement system -design can . 
impact long-term annular isolation. One important area is the. 
relative, .exparaioin. nxr • slirmk&ge .of -icemenft • 'systems ' as : (&ey. 
hydrate in. the annulus of a well. . 

Most Portland cement systems undergo chemical and bulk . 
shrinkage as they set A number of chemical materials have 
been developed that can be added to cementing systems to 
overcome this shrinkage, and in some cases,; even impart a . 
degree of expansion. However, the process whereby the 
degree of shrinkage or expansion is measured, has aimpst 
universally been some type of a single point test, performed at 
ambient conditions. This is typically the case even if the 
cement sample was first hydrated under downhole conditions. 

The authors detail new methodology and test equipment that 
allows for the tracking of cement shrinkage and/or expansion 
real-time, under downhole conditions of pressure . and 
temperature. . . The- system . allows for jJ&e application of cazamg 
-pressures for either an aqueous or nc3&-aqueous environment 
Data acquisition is totally computerized and can.be maintained 
for whatever time interval is required, without exposing the 
hydratmg cement to. surface, conditions. With this. . taew 
technology, the authors will detail hbto cement expansion and 
shrinkage can. be significantly different under downhole 
conditions of pressure andlieinperature than when measured at : 
ambient conditions. It has also been observed by the authors 
that cement exrjamssdn or shrinkage is a dynamic process that 
may take; many hours, or; even days before any significant 
degree of volumetric stability is achieved. 

Finally, a successful, field application of the new testing 
methodology will be presented as validation for the transfer of 
this new technology from the laboratory to die real world of 
oil and gas well cementing! 



Introduction 

Service companies and operators alike. have become more 
aware of the many factors that can influence long-term zonal 
isolation' in a cemented annulus: It is now- apparent that a. 
significant change in the physical volume of the set cement in 
: an ahnulus, be it an excessive reduction (shrinkage), or even 
. excessive increase (expansion), can play a major role in the 
determination of success or failure for long-term annular 
isolation. In. order to better- quantify these cement hydration 
volume changes; the authors have seen the industry progress 
•from days when positive expansion.; was tested simply by 
observing if the setting cement would expand enough to break 
a glass bottle, . to their newest . micro-processor controlled 
expansion tester. 

. Over the years, many skilled in the art of oil and gas well 
cementation have extensively researched the shrinkage that 
typically occurs when a Portland cemem-b^a$sd. annular sealant 
hydrates, and tmdergoes a; cherrricafi transition from a liquid 
slurry state to the final set state, which will hopefully effect a 
long-term seal of the well's annul as. The fact that most typical 
Portland cement systems will exhibit some degree of 
shrinkage during this ^tting", or hydration process* has been, 
well documented in the literature, and for the most part is now 
accepted within the industry. The deleterious effects of cement 

• shrinkage on annular isolation have, also been. Well 
documented. . This acceptance is m spite of the fact that there 
have been . a wide variety of tests and devices, developed in an-; 

7 effort to quantify both the type, and amount of shrinkage that 
occurs, without the oil and gas industry ever standardizing 
testing for cement volumetric changes during hydration. 
*. It is this . same generaMy accepted "fact** , about cement 
srninkage that has resulted in die development of & number of 
"sohitions^to the problem. These solutionis geneatifiiy fall too 
. one of two broad categories. The first category would be - 
various chemicaS materials that interact with the Portland ' 
cement blend as at hydrates to produce-expansion stnOicieht to 
counteract the natural shrinkage, that still typically occurs. The 
second category would be either gaseous or 'mechanical 

• energizing materials that can be added to the cement blend, 
and that will expand during cement hydration to counteract , 
TOfume losses.. TTfoe authors noted that typically, the same, 
types of testing devices used to previously document cement 
shrinkage were often used in attempts to quantify cement 
expansion. Even today, these same devices are .generally used 
whenever a need exists to quantify both the presence and 
amount of expansion present in. a. given application for a 
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specific cement blend. The authors themselves are quite 
familiar with most of the more widely used expansion test 
devices, and have had occasion to use a number of them over 
the years. However, they felt, that all. the common testing , . 
methods and/or devices that they were familiar with suffered 
from one or two common deficiencies. 
The first deficiency is that most of the expansion test devices 
are a single point test in other words, the tests yielded a 
single value for expansion or contraction at a given point in 
time. It has been the experience of the authors that cement 
volumetric change during hydration is a very dynamic event 
that can continue over a long period of time: Because of this, 
there is concern about how well such a "single point" type of a : 
test could capture the entire expansion event 

The second deficiency that the authors identified was that 
almost all of the tests currently in use lacked the ability to 
actually physically quantify cement linear expansion m an . 
uninterrupted downhole environment What this meant was 
that with many current testing methods, me samples are. , 
simply cured under atmospheric, or near atmospheric pressure, ■ 
and at temperatures limited to the boiling point of water under : ■ 
ambient conditions. Further;, even if the cement sample is . 
cured under conditions of downhole temperature and pressure, 
when it is time, to take a "single point" measurement, the... 
sample has to be removed from the temperature and pressure . . 
. controlled autoclave, and brought to ambient -conditions before . 
any physical measurements of expansion can be performed. . ; . 
The authors note mat such drastic changes in temperature and 
pressure will most certainly have at least some negative : 
impact on the .data from such tests. If the samples are not 
■/•ctffled under boftenaole conditions, the reaction ©€&e cement ; 
and expansion additive may not be the same as occurs under 
surface conditions. On the other hand, even if the samples are 
cured under downhole conditions, one still has to be 
concerned about me effect of cooling amd depressunzmg the 
sample to ambient conditions before any measurements can 
be made. 

Further, the authors mote that with current tests possessing 
these inherent deficiencies, -the data gathered on the 
performance of various expansive additives might be flawed 
when compared to what happens dowmhble. Based on the 
authors research, it would seem that others like Baumgarte 
have likewise concluded that expansive materials may likely 
respond differently, depending: upon, among other thin^i 
curing, te^^ pressure. As esa5y as *9B4, when 

' -studying the effeca of cemeat shrinkage or : espatsscaai on:., 
cement bonding, Parcevanx 2 wrote of a need for new 
equipment mat "must be designed so. tot both curing and 

: testing of the cement samples are performsd under the same . 
conditions without having to maniputae the samples". 
Finally, some 18 years later, the authors believe that they have, 
developed a testing devise,, ^hiebfor real-time: direct 
determiiiation of cement volumetric change during hydratoorvV 
will do just what Parcevanx 2 was proposing- 

CMinrerat Tesfeg) R&e&tods • 

At this point, the authors feel that a short review of. some of 
the commonly used expansion testing devices currently in use 
. is kb order. This review should allow the reader to be able to 
better understand and then differentiate between the current 



expansion testing devices and the exi^sion-testing device 
developed and presented as the subject of this paper. 
One of the oldest, but still commonly used test method is the 
ASTM expansion test, C-15HM). In mis test, a 1 men x Itacb 
x 11 % inch.mold is used to cast a cement sample, typically 
under ambient laboratory conditions. Upon inittal set, the 
sample is removed from the mold, and then the length ofdie 
sample is precisely measured (usually to +/- 0.001 inchy "This 
value is typically used as the zero or starting point After the . 
recording of the starting point length, the sample can then-be 
subjected to various conditions of beat* humidity and 
sometimes pressure (though typically, the pressure is still 
maintained at ambient levels) for a desired period of time, 
before the length measurement is repeated to record any net 
change. A positive net change would indicate linear , 
expansion, while a negative net change would indicate cement 
shrinkage. By using both data points, a percentage linear 
expansion or shrinkage, is ..typically then calculated.. 
Obviously, as.previousiy noted, mis type of a test does not 
typically perforin the initial curing of the sample at bottom 
. hole conditions of temperature and pressure.. Further even it 
the sample is later exposed to temperature (after initial set), it 
must then be re-stabilized at ambient temperature before a 

• meaningful data point can be recorded. Any attempt to recprd 
. a data point at a temperature significantly different ^ m J^ 

at. which the original zero, or starting point was recorded, 
. would ihtroducesignificant error due to thermal expansion or 
(with lowered temperature) contraction. Finally, as discussed 
previously, this test yields only single point in time type data. : 
Any dynamic expansion or shrinkage that occius between the 
, ; times measurements are taken, goes iiakletected. figure i van 

♦ : example of the ASTM expansion testing device. 

Another widely used quantitative test of cement expansion is 
often called the "split-ring" test In this test, a split, 
expandable rmg is typically placed on top of a flat me?al plate,, 
with another "top" plate held inplacewith a screw; Thesplit- 
in the ring is usually held lightly with light spring P^^- 
Once the mold is assembled and hquid cement slurry is poured 
into the mold through a small hole ia me top plate, air js 
removed by gently tapping the mold. The mold obtaining the 
cement is then placed into an autoclave to allow for initial 
.:.cementseL 

- After the cement has achieved an initial set, a measurement 
across the two measurement points that span the. "split" in tte 

• ■ ring bs made. ; Tfce"wko!e assembly is .men placedLtek m ftne 

* autoclave fforaarmg of thejcement for Sfee jdesired fiBme.raa&er 
correct temperature and pressure conditions. Typically, the 
hydraulic medium used to apply this. pressure is fresh water, 

: and this provides an additional somnse of water to the cemeai 
ourmghydraliMHL Once me desired test time period passes, the 
. assembly is cooled arid de-pressurized back to ambient: 
conditions and then is om^again removed torn the autoclave 
, ^ and a second measuremexffi made. Any net positive expansion 
mat has occurred -over the time of the test can men be 
quantified by a second . measurement, which shows any 
increased distance across the "split" in the ring. This increase 
can then be used to calculate a percent total linear expansion. 
A split-ring testmg device is shown in Figure Z. 

A similar test to the "split-ring" procedure utilizes a "spSrt- 
cylinder" which is taller than the "split-ring" and, therefore, 
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typically allows for three points of expansion rheasurement 
along the length of the cylinder, instep of just the one used on 
the "split-ring". These three measurements are.normalty then 
averaged to determine the amount of expansion ©ccumng-tms" 
the course of the test In all other ways, the two tests are very 
similar. In hoth cases, the single point-in-time test result only 
captures net expansion present at the time the measurements 
are taken, as also occurs with/the ASTM test . 
Also as in the case of the ASTM expansion test the cured 
cement samples from the "split-ring" and "split-cylinder" must 
undergo the stresses and potential dimension altering effects 
imposed by a return from autoclave conditions to ambient ■, 
conditions, before any measurements can be made, and net 
expansion calculated. Also, in either the ASTM, or ' split-ring^- 
split-cylinder" type expansion tests, before calculations of.' 
total net linear expansion can be. completed, manual, hiiman 
measurements must be . taken, and thus, the possibility of > 
human error is also introduced into the process. These errors 
can take the form of either the mathematical calculations - 
phase of the process, or even if that part of the process is 
computerize, human error can occur in the physical act of . 
taking the measurements with very sensitive manual, 
measuring devices necessated by the process: - Human error • 
can aiso come into play if the measurements are made before 
the samples have returned to the same temperature as when 
. the preliminary measurements were made. .... 
Finally there is one type of test thatdoes attempt to quanMy 
the entire historical expansion/shrinkage process for given 
cement systems through , a continuous process. The 
dilatometric- method places a cement slimy sample «n a 
container such that the permeable: -sahssaser holding, «he 
cement slurry sample is itself installed in a larger pressure 
vessel. This larger pressure vessel typically uses water jb . the 
hydraulic medium, and the . cement slimy sample contained 
Vrithin the pressure vessel is eaposed.to this «ater m.^e 
vessel. Ctace.tfee cement slurry sample is placed inside.tbe 
pressure vessel, the pressure and temperature mside die 
pressure vessel are. stabilized at those conditions desired, for 
the test .Ctnce these conditions have been reached at the.ftart 
of the test the temperature and pressure are very carefully. 
• mamtamed at the tame ieveL> By the use of very precise 
automatic volume measuring devices, these : very small 
pressure maintaining volume adjustments could be captured 
real-time with computerized data acquisition equipment to 
give a omtiiiiiouis^ MthepressinB-ressel vofoane- chassis. 
. The yohnneof water mat must-fee a«fc£ad or remowsi from-«ie 
pressure vessd for pressure maintenance after the jmtoal 
stabilization of temperaoare-and pressure is typically bought 
by some to direcdy reflect corresponding, expansion.^ 
shrinkage of the cement system as it hydrates. V. . 

Parcevaux 3 utilized this type of test, in an attempt to V*** 
real-time xement «pansto w shrike -imder imdisturbed 
downhole conditions. Unfortunately, upon further anaiys^rt 
is the opinion of She authors of this paper, as well as others' 
that though this type -of test does succeed m generating ttata 
without the need to manipulate the sample at ambient 
conditions, it fails in one critical area. Sincethe external 
dimensions of the cement sample are never directly measured, . 
the actual dimensions of die cement sample can actually 
grown shrink, or remain die same without being detected. In 



fact as long as the cement is still hydrating and. some internal 
..permeability remains, the recording.of water volume changes 
S. the pressurized vessel may only be indicative of water 
being consumed or expelled during the cement chemical 
. hydration process, (often referred to as chemical shrinkage by 
many) and not in any actual change in the physical dimensions 
of the cement sample. Though the consumption of water 
within a hydrating cement sample most certainly impacts 
.mportanUssues such as pore pressure reduction, and possible 
eas migration, the authors of this work are primarily interested 
hT *r actual changes in the physical - Amensions 
(expansion/shrinkage) of cement samples under downhole 
conditions. For this reason, another testing device was 
developed that they believe allows for better direct 
determination of the actual real-time cement bulk volume 
change during hydration under downhole conditions of 
temperature and pressure, without the need for sample 
manipulation. 

Mew Testing Device ■ . ■ 

' The device presented in this work was developed m an eftort 
to allow for a cement system to undergo initial curing and . 
subsequent hydration under uninterrupted downhole 
conditions of temperature and pressure, while at the same 
•r time, continuously and direcdy monitoring dimensional 
. changes, resulting in linear expansion of shrinkage Further,. - 
once the cement test samples are brought to downhole 
.conditions of temperature and pressure,, these conditions , are 
maintained via microprocessor controls for the duration of the- 
test. The samples are never return^ 
.. tempe^^ such 6w « ^ test s 

terminated This prevents errors from occurring that might 
otherwise be caused by changes in temperature and pressure. 
All real-time data acquisition is via mcroprpcessors and can 
be stored in electronic data files for subsequent retrieval and 
analysis. Given the high degree of automated control, *dsfia 
acquisition, and expansion calculation used in the device, the 
possibility of human error m the testmg. proces5 ds the ^st 
- . .^rernoved_Fur^ 

. degree of repeaftability in tests. • ' 

From a functionality point of view, me device consists of a 
special microprocessor ^controlled high^msssure, tugh- 
temperature (HPHT) autoclave, which is used to maintain 
downhole conditions o£,:^mperature and pressure on the 
rasnen^s^ the test.-. A speoa% 

vwmswaf^^ cement mold. fesa..been ntodoped^to 
allow direct measurement of, -the cement sample under- 
downhole conditions. The mold is designed iia such, a way that . 
after it is filled with slurry and fitted with a metal top plate, it 
allows for cement expansion or contraction (shrinkage) dimng 
hydration an ahree distinct axis, x, y, and 2: (vertical). This 
. . special mold .utilizes sprra^4oad^.raliait:side seals ttfaat 
allow for either expansion or contraction of the mold in either 
the n± 'or- y-axis. Any expansion of the cement in the x, or y~ 
axis will result in an increase in the external dimension of jhe 
moid, and also result in the compression of the springs mat 
hold the mold together. Depending upon the exact placement 
of the mold in the test vessel, the total expansion available in 
the mold (before bottoming ut the springs) will generally 
. equate to between 9% to 14% total linear expansion. Cement 
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expansion along the z (vertical) axis is basically uiirestncted 
smcefce metal top plate that is placed over ttexe^tshHry 
in the mold is not restrained, and is free. to. be. lifted by 
expanding cement. . , ' 

In the event of cement shrinkage,; two sacrificial studs are 
place on the interior of the mold before adding the cement ■ 
Slurry such that the curing cement will "lock" onto me heads 
of the studs and via the stud body, pull on the mold exterior 
and compress the resilient seals, resulting in a reducuon in the .. 
molds external dimensions, • 
The special HPHT autoclave , is fitted, with one or more 
highly sensitive,- HPHT, electromagnetically loaded, linear 
displacement transducers (LDT). Once the speciafmold _is 
assembled and filled with cement slurry, it is located ««* J» 
snecial autoclave vessel such that the spring-loaded LDT rests 
against the side of the cement mold. The autoclave is then 
closed and filled with fluid to transmit pressure and. 
temperature to the cement sample for the duranon of the test. 
Though typically , fresh , water is used for tins hydraulic ; 
medium, the unit is capable of being switched over to use a 
high-grade inineral oil for this purpose, which will be 
discussed further at a later point in this paper. Figure : ;3 
illustrates the design of the special cement mold used in this . 
device, , and how that mold is located inside the HTHP 
autoclave in relation to the HTHP LDT > . • 

• After sealing the pressure vessel, the .tofwtowj. : . 
pressure within the vessel are typically ramped up to bottom . 
Lie conditions over a time consistent 'with an appropriate AFl 
schedule that would be used for. the determination of cement 
compressive strengths for the depth and temperamres of awel 
m at^ cementss«ssm «oold be appmed.ia Once thecal - 
bottomhole pressure and temperature have been achieved, and . < 
. the test device-has stabilized, the LDT reading is set. as the 
zoo point for the duration of the test. Any subsequent 
movement of theLDT above or below this poim is interpreted, 
as expansion of sllirmkage of the cement sample. Ail pressure, 
temperature, and LDT data is automatically and i ~nOTuomrty 
fed- into a computerized data acquisition unit (DAU). .With She 
. tempasase and pressure of the device „dd,consta^my 
. expansion or shrinkage of the actual cement sample is detected . . 
- bv the LDT and fed real-time into me DAU, where it is , , 
automatically converted . to a net percent linear ex^^A-t 
any point during the testing of a cement system^ the DAU can 
be queried and results up to that time displayed m a graphical 
format slrawing.^ceiS-imear rapsnsion issrshrmkaps^ 
time, along, with -the pressare ^sid JSameranires manffiBnal ... 
Zmg the test. Upon completion of a test, the enure history of 
me \est can be recalled and displayed on a computer or 



^ILce STdaa^aerated by this devse is produced at steady 
bottom hole conditions, the authors are confident that possible 
eraws. introduced: ™«h, ; <s«toer : . test methods fet resjuire . 
transitioning the cement samples to ambient co^nonsbefore 
being measm^Mse avoided. Further, nnhke the 
method, the changes to actum dimensions are measarat 
instead of just the volume of fluid either consumed or expelled 
by the hydrating cement 



.^TSrSSSS horded by thenew — - 
device the authors ran several different series of tests with 
£ cLent expansion additives, over 
periods. One of the first things noted ^confirmation ofthe 
Sry expressed previously by others'^ and ^s suspectod 
by the authors, that cement expansion is a dynamic process 
tnat is not always linear and proceeds overman extended period 
of time. In a test shown in Figure 4, a slurry containing no 
expansion additive actually exhibited volume changes -which 
at^ne point, had the test been stopped at that time, would have 
indicated cement expansion, and yet at another point in time 
would have shown net cement shrinkage. In other tests, such 
£ the one illustrated in Figure S, it was noted that with a 
different expansion material, niaximun. < acpanswn d. d not 
occur imnlabout four days into the test Obvrously, if a single 
data point was" recorded (from a convenhonal expansion test) 
on the same slurry, and for a time period shorter than ^four 
days, the full benefit of .tfee particular expansion addmve. 
. might have been missed. ' ... ^ . ,_. a ,„, . 

Once the authors- were familiar with the type of dara they 
could obtain with the new expansion test, the next logical step 
was to compare test results. from the.new device with results 
previously obtained wrth the conventional expansion tests. \n . 
.. toe middle of . just such a test sequence, a unique field 
challenge was presented, which was to a timately ^allow the. 
- autoorstbsolveachdlenjnngfieU^ 

me same time, validate the usefulness of the new expansion 

test device. 

.V ehafi^was .presented to the authors 

after the new expansion test device had been «»»•*?• 
laboratory for a short time. In a very prolific HTW ^ field 
^ opeJor experienced sustained gas pressure build up m toe 
armulus of many of therwells at ^urface to many 
gas appeared at surface in the annulus of the weUsvery 
: ^ckry^fter the completion of primary cementmg operators, 
a^* times, even before the wells could be^mpleted and put 
on producticnL Among various steps ..being 
... attempt to stop the gas migration up toe annulu* 

had been using 5% by weight of cement (BWOQ _oCa. 
chemical expansion additive, in almost all of its pnmary 
cement jobs. UnfortunsisSy, gas was still present on the, 
. backside of many of me wells ttes. operator: was coinptenng, 
, : ' ^ so f^er stanrmation of the jsafeiem toss obvwmty 
necessary: During various cement tests conducted on the. 
slurraesin use, in this particular field the authors ran r«, 
. conventional "split-ring" type expansion test to 

amount nf linear expansion produasd by the 5% BWOt 
. .^p^n additive. Jlesultsof tois te^ slmwed toimd^e. 
^giedatopoim-split-^tesctfessystemexta^ 
net linear expansion after 14 days. Though an ^press«ve 
figure, fthe authoscs wondered, given nthar testtng they were 
idoing with their new expansion test device, if the values 
achieved with "split-ring" test were Only indicative of (be 
results that were actually taking place in the operators welts. 
To find out, they ran another test with 5% BWOC expansion 
additive in their new downhole cement expansion test dewce. 
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Though the authors anticipated some amount of difference in faced with a true paradox: while most in the industry have , 

the data produced by the downhole, real-time teste, they were been concerned about excessive cement shrinkage causing a 

still not prepared for the magnitude of the difference that they loss of annular isolation, the authors became concerned about 

recorded, instead of the .5.72% linear expansion produced in the possibility -that excessive expansion- might possibly be 

14 days by the "split-ring** expansion test, the new expansion causing at leasa some of the problems with annular isolation in 

test device showed that when undisturbed at downhole the subject wells. The authors understood quite well that in 

conditions of temperature and expansion, the subject cement their expansion test, no confinement approaching the amount 

system expanded to almost 11 % linear expansion, in 47 hours. present, in a typical well is placed on the curing cement 

In fact, the .final linear .expansion produced under downhole : However, they, also rioted others who had at least expressed ... 
conditions was not quantifiable, due to the fact that the cement concern about excessive cement expansion should it occur . 

expansion had. bottomed out the * mold retaining, screws, . downhole* and the negative effect it might have on annular 
effectively reaching the limits of the device to record further . . isolation. Moran 3 discusses at least the possibility of excess 
expansion after about 28 hours. In order to check the accuracy cement expansion causing. annular isolation problems, while . 

of their test data, a new sample of the cement system was * . Baumgarte 1 points out that excessive downhole cement 
prepared again, and the test repeated, with the same results. .. :•' expansion might lead to the creation of micro annulus between - 
Figure 6 shows the resulting linear expansion vs. rime plot for the casing and the cement sheath. Gbofrani 6 noted that in 

these tests. Another troubling aspect of these tests surfaced . order to obtain enhanced bonding, cement expansion needed . 
when the cement samples were removed from the autoclave . . to occur during the. "nearly hardened phase** of cement 
after the end of testing!: Expansion had actually been so great .'- . hydration. Because of the hazards associated with expansion : 
that visual inspection of the set cement showed the samples m this phase of the cement hydration, he recommended using 

had literally "grown" out of the mold. The entire; ; cement . . "small quantities" of additives that promote cement expansion, 
sample was also covered with a series of what appeared to be . Based upon the large expansion the authors recorded being . 

expansion induced fractures. - • generated under downhole conditions with 5% BWOC of the 

After reproducing the large linear expansion of the. 5% " . expansion additive, and coupled with the indications in the 
system under downhole conditions, the authors discussed the .. . ■• published literature that indicated possible deleterious effects , 
; results with others familiar with the. chemistry involved .in the . from excessive; downhole .• cement expansions,, additional . 
expansion additive being used. A question mat developed . . expansion testing was carried out with reduced loadings of the 
from these conversations regarded the availability of .. V. expansion additive. Ultimately* a loading of from 0.75% to . 
additional fresh water downhole in the annuhis of the subject . 1 .0% BWOC was selected, based on test results. This loading 

gas wells. : The concern was. that even though the new range gave repeatable results where the. cement was either' 

expansion device .wsd fresh water aa the fapdraulic medasm, v. voiuBSStricaUy stable, or expsss&ed shgfrtfy- (less Shan about 
and hence gave hydrating cement samples an ample supply of . 3%) before ^fae cement volume stabilized, as can be seen in 

FigureS, 

This new loading for. the cement expansion additive was 
mecomnrended to the field, and the first of several wells were, 
cemented .with the reduced expansion additive loading, to'., 
should also be noted that other than, the reduced expansion 
- additive loadings, the. rest of the slurry composition remained 
. fundamentally the same as me system used in previous wells • 
that, had exhibited gas at surface in the annul us. Reports back 
from the field indicated mat the first three wells cemented . 
with the reduced expansion additive loading were gas free in. 
the annul us at surface. Even after the first of the three wells 
had been completed an&j&ydraulically stimulated, annular . 
isolation apparently remained intact, and no-aneaalar gas was 
detected a^ the . surface. Given fine, mifei succ^s with 'fine . 
controlled expansion cement system, all subsequent wells 
have continued to be cemented with the .same type systems . 
.. and results continue to be favorable. , . 

Though insufficient data exists to pisigmint an exact cause for 
She .initial loss of annular isolation in these wells, i^ie. authors- 
feel that the: success achieved by (nsSucing. downhole cement- 
expansion may yield some strong clues. They believe that 
flhere: exists a very -high likelihood -. tih&t: either the cement, 
matrix permeability might have become excessively high .due . 
to expansion induced micro fractures, or perhaps preferential 
cement expansion towards the borehole walls created radial . 
micro annuli sufficient for a loss of annular isolation. 



additional water, in the "real world" of dry gas wells, the same : 
cement system might not have such "extra" water available for 
use in tine expansion process. To test if the additional ratter 
was indeed necessary, hi order for the system to achieve such 
high levels of expansion under downhole conditions, a 
modified test was performed.. In this test, special care: was ■ 
taken to: Ese extra grease in* order' to> ■ seal* as completely as - • 
possible the upper surface of the mold. where top plate rests on 
it. Unfortunately, mis temporary seal most likely did not - , 
survive the. HTHP environment of the autoclave, and race . 
significant expansion occurred in the vertical axis, the plate 
was lifted high enough to break, any remaining seal and allow, 
direct cernent-4o-ure.l£ar ssmtact^ 

1 At this point, the decision ■ was^mss^s- to. .jrearoffe the WiRHP 
autoclave to be able to use a high-grade mineral oil instead of 
water as the hydraulic: medium fin the expansion tests;-: "By /- ' 
using the mineral oil instead of water as the hydraulic metfem 
inside the autoclave, no water other ton that initially used to 
prepare the cement slurry would be available to the cement . 
system forifce. duration (fee test.' When -the expansion test . * 
with 5% BWOC expansion additive was repeated with, the 
mineral oil instead.of water in the HTHP autoclave, the rate of 
expansion was somewhat slower and Che total somewhat lower 
than when water had been used, but total linear expansion still 
exceeded 7%. Figure 7 illustrates the results of this test done 
with mineral oil as the hydraulic medium. : 

After seeing such a large amount of linear expansi n trith 
either water or oil in the HTHP autoclave,, the authors were 
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Conclusions ... 

From the investigations and results, discussed in the paper, the 
authors made the following conclusions: ..-*.'"■-.•■ 



1, 



3. 



Cement .volumetric change during hydration is 
dynamic and may not stabilize for many hours or 
even days after initial set has occurred. 
• Common expansion or. shrinkage tests , that only 
produce a single data point, for a single point in time,- . 
may not capture the final stabilized volume for a 
given cement system. This can lead to the application . 
o f noa-optimized expanding cement systems. . 
Testing of actual cement bulk volume changes under 
downhole conditions of temperature and pressure i 
may yield very Afferent results than those obtained 
under ambient laboratory conditions. 
Under certain downhole conditions, excessive cement 
volume expansion can contribute to a loss, of annular 
isolation;... ■.■"■** -"' * : 

By testing cement • systems under downhole 
conditions of pressure,, and temperature* cement 
expansion additives can be optimized to yield i" 
shrinkage compensated system with- only enough . 
controlled, expansion to enable long-term annular 
isolation. .'*•'.,■«' 



Nomenclature 

ASUA = American Society for Testing and 
. Materials 

. HTHP = high temperature high pressure . . 
LDT : = inear dispiacerr&Tt transducer 
DAU = data acquisition unit . 
API —American Petroleum Institute. 
BWOC = by weight of cement 
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Figure # 4 
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Figure #5 
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Figure #6 
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Figure #7 
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Figure # 8 
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bTl^weiiscan develop gas leaks alon| l^imW 
ato^Sction has ceased and the wdl has been !*«**">• 
atandoned (P&A). Explanatory mechanisms include _cte- 
. Sn^poor cake removal shrinkage, and Jngh : 
^^ilUvTtte reason is pra&ably cesnnnt sbnnkage Aatf .tends 

slow accumnlation of gas under . 
Assuming this hypothesis is robust, it must lead to better prac 
uce and better cement formulations 

•' (n^ueMioini/.Bwfc^nmsnitoll Issues •• • • . > 
Stocussion is necessarily superficial given d^coinpJcx-,., 
it y of the issue and attendant practical factors such 
ability. density, set retardation, mud cake removal, entrain- 
Wo formation gas,shate sloughing, pumping rate . nu* 

S to explain slow gas migration behmd casing bj 
we deliberately teive aside for now the complex operational 
-.^associated with cemaat placental and 

fa 1997, tee were r35,000. jnactove wells Alberta- 
alone, tens of thousands of abandoned and orphan weHs , J pK* 
S offtousands of active wells. Wells 
fonmental purity and zonalisolation. In the Canadian heavy . 
SlbSt, it is common to uss a single prodncnon casing stnng 
? ™XZ fFioure IV far deeper wells, additional casing. 

SLi^iA sediments is quired, ^'-ff^^ 
casings have little effect, a gas migratton, though 
doubteoly give, more security against blowouts and protect 
shallow sediments from mud filtrate and pressunzation. 



To form hydraulic -Is for ^^^eretS. 
deep strata fiom the surface to protect ™ Jfaz 

the sealing eff MM- 

«ment grout. ^ ^^.^J TpS^ 
Yemeni sealing may include vAratmg the ^"^^T". 

mentation and anniuarf.1^^ ~ 
Additives may be incorporated, to alter 

- S>6rtiand Class G (APtratihg) oil well cement forms^e base 
oHumost all oil well cements. 2 Generally, slurries are placed 
iSSS-Zo* 2.0 Mirf. but at suchlow density ; w.H 
stuSnd wTbe influenced by the ^^.^^S - : 

• ^Kimdtempdra^ / 

Non? AmScHere are literally tens of thousand, , of, *~ 
doned inactive, or active oil and gas wells, including gas _stor- ; . 
Sweutthat^urr^ . 
^te atmosphere directly, contributing slightly to green- 
Sheets. Some of Ae gas enters ^ow ^e^wtere 

- traces of sulfurous compounds can render the water non- 

or where the mtfhane itself can generate unpleasant 

household systems to come but when taps are niniedoo. - 
MXi^m leaking wells is widely Mta^M 
. PeaceRW and Lloydminster ^ (^.•^^^ . 
a^cdotes of the «as in kitchen tap water being jgmtaL _ * 

SenuaS md the ^^c^cemfation 6f *e gases m the shallow ^ 

.-JSSdi. « well founded, or ^fecriteria «cb^d- 
•2 a flawed view of the mechanist This is not a condernna- 

Nevertheiesa.we betoe thalthe AEUB Intenm Directive 9^ 

. rectify this, the mechanisms must fe identtfied .^^y;, 
, Se caA men be based on correct physic* 
- Svlng a better chance of success (though we do not believe 
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that the problem can be totally eliminated because of tbevaga- 
ries of nature ami human factors, despite our best efforts). . 

There is also need for better quality oil-well cement for- 
mulations that can resist thermal shocking. . .For example, 
leakage of fluids along thermal wells in cyclic steam opera- 
. tions in Alberta has proven a challenging problem for Imperial 
Oil s If poor quality or poorly constituted cement is used, higb 
injection pressures, thermal shocking, plus non-condensible 
gas evolution lead to leakage behind (toe casing that could 
break to surface under exceptional conditions. . 

Finally, in production management for conservation pur- 
poses, zonal isolation is multiple-zone wells. 

There are initiatives to identify old leaking wells and un- 
dertake mitigating action in Alberta and Saskatchewan, the 
"orphan well" program of the AEUB, initiatives by the Petro- 
leum Technology Alliance Centre in Calgary, and so on. This 
article is to try and clarify the mechanisms involved. 



CemwSL StatagK If cement is placed at too high a water 
content, it loses water to the porous strata under lower pres- 
sure (p 6 ) through direct filtration because the cement hydro- 
static head is greater than the pore water pressure head. The > 
anmilus width between casing and rock is small (e.g. 5 nmi 
casing in a 225. mm' hole -.25. mm), so even a small shear 
strength development between rock and cement will support 
the weight of the cement. If this shear stress is only -0 5 kPa, 
the entire "hydrostatic" head of the cement Cy e z) can be sup- 
ported by stress transfer to the rock mass. (Of course, because 
. of tsnmeratnreand pressure sffeSB, sMs degree af.cAJ»«X 
attained simultaneously along the esire cement sheath.) 

Thus, while the cement is still in an almost liquid, early-set 
state massive shrinkage can occur by water expulsion, but 
aomiar cement settling to csHapensate.for the loss off water is 
impeded by the shear stress transfer to the recti mass. The 
consequence is shrinkage in the cement sheath. 

Portland cements contianc to shrink after setting and dur- 
ing hardening. 73 This autogenous shrinkage occurs because 
; hydration reaction products occupy less volume than the 
original paste. Judicious proportioning control of the.coment 
slurry and the iise of admixtures and additives can htmt the 
. physico-chemical effects of the autogenous shrinkage proc- 
esses Mostly, (fee.careful control of water content by using. 
sapsndasocism and the ctriarol of neoo-shrinlaige by using 
appropriate aggregates ^benefit the properties of the sesgrouts. 

Silica flour (Sid, ground to -20 }un) is often used to make 
"thermal cement". It is added in quantities approaching 73% 
of tits dry constituents, the aemainder being cement powder- 
Silica flour has also been aided to cement in an attempt to. 
counteract shrinkage. . ..Unfortunately, for physico-chemical 
reasons, silica Slow can enhance bttta drying and autogenous 

shrinkage. 9 - llr 

Silica flour is a ground, product, usually made from pure, 
quartz sand. . Physically, the silica flour, fay virtue of its grain 
size (D» = 10-20 Mm) has a large surface area; this provides 



aot only enhanced reaction areas for ttinetocal y controlled 
• Oration processes, it provides a need for agonal weOing 
foVslurry formulation. Physico-chemically, a fi«hlyfractured 
Sica^urface possesses a high chemical, reactivity tecanse of : 
the presence of unsatisfied bonds arising from the fere^ng f 
Z sutochernical lattice. These fresh surfaces will ekc- 
trostatically bind polar water molecules to satisfy these broken 
bonds. Experiments on pure silica using magnetic resonance 
SomelectricpermirovityshowthatuptoWl layers of water „ 
;;..Jan be absorbed on the surface, asm the closest layers are of 
. -course the most tightly bound. 

The surface area increases inversely as the square of the 
mean particle diameter, therefore reducing the surface area by 
a factor of five (grinding 100 um sand. to 20 Mjn flour) in-,, 
creases the area by 25, and because the new surface area » 
ctamticalty fresh, it is more reactive. Thus, the electrostatic 
bouSer volume for silica flour is vastiy l-^tate 
eeochemically "old" sand. Furthermore, electrostaucally 
E^ tinckness is reduced by temperature ; (Bro^uanv 
motion), so cool slurry will have a surfeit of water-wher, , ,t. , 
becomes heated through contact with geothermal temperature^ 
Alternative fillers are required to control the ^ macro- 
: shrinkage properties of the materials. We recommend 60-100 
urn quartz sand be substituted for SiQ, flour .^en possible 
. - Other processes can lead to cement shrinkage. High salt 
'.: content fdnnntioutirines and salt 

tering of typical cement slurries durntg **ing ^J""*?""* 
:. ■■ resulting m substantial shrinkage.'* 1 ' Exp^mentsjvith rec- 
ommended cement grout formulations placed against salted 
„ ... potash strata clearly show massive dewatenng of i * e j^ B ^:. , 
•,• a*d the formation M free brine sa the interface ««**«^ / 
; Vr cement and the salt. The same effect mnst occur when fresh- 
. water cement, groi«^*re in contact with low pernieabiUty 
rocks with highly saline. pore fluids. By en "™S?**^ . 
, grouts are placed at high density, conttanve to a stabtegrout 
microsmicture, the^ffects of osmotic dewatenng can hkely be 
minimized, but this should be quantitatively _ „ . 

■ Recently , marketed finely ground cements (Mte^^. 
;.' and Ultrafine™) are Portland cement-based roatenals. They 
are generally finer than normal Portland cements and uiclude 
pozzolanic additives, such as finely ground pomicfi- Slums* 
of these materials penetrate fine fissures and. pores m rock 
• more readily than moreconventional grouts but .m bulksuffer 

from very nigh shrinkage and. hence. w, ^ fil ^™^". ■ 
■• -cation, ^ suitable for .srouting.ite aminhis teweesn ed- 
well casings amaiUhe bore&ole wall. ■■} " \ 

Dissolved gas, high curing temperatures, and early (nasti) . 
set may alsolead to shrinkage. It is net dear, if ^^f*^^ 
. additives nave substantial positive effects sfi great depth and 
-Jhigh temperature. These additivea^e.g. AI povwSsr) generally 
produce some gas, which in the laboratory provides 
. mcreass-.- Addtoea-.ntay enteince some properties; cowever. 
they may induce. negative impacts on other propertiesv^wr lose 
effectiveness at . elevated temperatures, pressures, txr : m the 
presence of -certain gecchemical species. Also, anrogeneou® 
shrinkage continues long after these agents have acted. 



Based ob ejtte^modellmg, cc^d^iy^ 

shear that is the most ?™ Tompacuon or * 

,«», nnd ""^^T^fc^Mrov «<y from 2* » *» ' 

cases of moderate porosity (10-20%). 

•ii k««k1 to salt, oil sand, Wgh4»rpsity ■ 
SSS SSTi bond Mftf*- ■: 
stale, and jiertap* 0 ^ ^™*~Z^, interface)- is quite 

. wiaa edge inter to a ^™T™L, te ^^nt i. any 
cess. large »» Ito » '^Sereociel 

be substantially impeded by a cohesive strenRiu.. 

• -s™, nf "iood fcond-^o a cement boad tog fa-fa' 

The pmsran* of g/^Hut ^ of inter gnmular , 
factnotanmdrc^rpfb^^anjnd 

celiacs muntamed by a ^^^T~ idfi2ee off to inability 

ladtof ^SSSS ° f,hep r 

t0 transmit high ^ U T^^ a drcumfereatial fracture that 
ence of an "open zone' . ^^^^^u^mng^W'' 
is open by al teat a few macrons. ^ ™f ^ tat if 

effective radial stress camnoi toe namuu^ 
. £mg conditions must e*ist at nuerface. 



SfL,' explain.me : follo W in g typical- 
STbond" is observed on the log traces). • • 

evidenced some years or decades later. • 
■ . S^ess is in variably delayed; thus, th«e must be 

P^caUy being 
o The eas often appears at surtace rau«=i _ 
J^sSe injected into another porous stratum en- 
countered in the stratigraphic column " . 
'•« Ttepmseoce of surface casing provdes no assurance. 

explain the points ^^Vshrinkage on near-wellbore 

. Qumericai modeling, to oe.piw»»M»» hul i ower ■ , 

. <«ssure pc(z> .** almost *f *- anTu. '■ 

• r^\hl S, -^c^tr cement is «o 

. enumfractim(U.ltoW=^X^P^y TO ^ 
pm. develops at *e i^-ceiae*: u^rfto . ^ 

To understand verocal P 01 **'' ^J^^jj^^CTnnrerrajtial 

the. order of 1&-24 itfa/in- it open at the 

^ains afflKiM press*** «fltae*j ^^^^ual to 
boaonv there is an excess pressure ^ tte •**£S*»K- 
-M2^10.5) -about J^^jaTSnin S 
SSS^i^-*-.-- dentin the 
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. . tfmfSalt oropaeation force is generated that ... 

nads, an inherent 6 ^ f Sj foctlire upward. (Inaper- 
tends to drive the ^^^i^, but the process 

fectly horizorfal ^^X^ ^/ 
develops equally at hig&er eievau 

comes inclined.) „ hen a circumferential frac- 

Now, consider what happens wnen a ^ 
ture between the cement andthe^k^s expo^ ^ 

suaium that ^..f^Snu^cSng leads not only to 
such zones in any well). «n«Mg ■ * pas ^ also 
utedevelopn*ntoface^*ea^tte«x^ 

shghtly ^^^Str ^ ^dstone). This re- 
(a few grain dtameters 4<*p MWJP f ^aiary 

duces the permeability su ^f t ^^n ow and the re- 
— ^^^^^ .panicle inva- 
duced pore threat d ^ J ^™Ll tial fracmres is almost cer- 
-on. gas How '^^^uTwnen the fracture is 
tainly through d f^™* s SesC However, as the frac- 
sm all, the rate * ^wiito sturounding ^ 

to ^^ e S5 (and particularly when the 
ments increases, ^^^^ce leakage or flowinto a., 

there is an even gicoi** . m favor driving the 

* ^'TSJSKSS? £SS5i albeit slowly, 
liquid in the .fracture oacic uuo « _ .^.fiUed. Thus* , 

exceTdriving force * 
height ofthe £^j^£*ui y upvrard,and eventual* 
the tip. The fracture ^ws ****** v surface. It will 
leads to. gas teakage^d the casuig « ^.higher . 

ssrss.t=KSS2ssa v.. 

^tosurface(sometin^dec^). . - ^^^ asd 

fracture perhaps otuy „ZLr^ of the rodi^ment interface. 
UhStedpartof the cu»toj £ 
Note that fracture aperture develops oevvro ft 

Then the pressure acts,* -^^Sd, 
^ anttement J*****j2JK5» rare-limiting - 
restrict the aperture. "g^jj. ^ of gas 

'IS? ^ to tr^dramic conductivity" of te 
into the fmcture, and the low teaam ,«, apfflSire. : 

circumferential ^f^^^X^« * e ™^ 
Why does the fracture grow so Jiowiy — 

annuJcircnnrfcrenti-^ ^^ttc,.. 



<wisne« with lime, the fissure will ■ i . . 
As ^ production P^^^gTLs pressurized, 
tend to open ^.^^.^^direction is undoubtedly 
Also fracture growth in the y era.™ 

^byprcssure^*«^ c y= ^ ^ al rae surface.. 
. . Nevertheless, it is common forg^ B des after P& A. 

Over ume, the effecuve I ™""V^ B discusse d above. Be- 
,eads to the driving P^^^^scrongly non-Unear 
, cause the Velocity of a future 's a ery ^ presS ure. it 
- process that is positively coupled t°J« ,» lead to a con- 
£S5 y takes y^^^reS^evS.oneeac- 
dition where growth starts to ^J^„™ s ^ comp |ete 
eeleration begins, the ^.^^ llntited o7y by 
upward propagaoon is fast (d^rn^J ^ ^ 

•he rate at which fl "^^ a ^SS^ond ioTmay show 
to the tip. ^ ^J^^etthis is no guarantee that, 
. that the well is in good condition, yei « 
years later, leakage will not occun ^ ^ ltepre8Wre i B the - 

fracture exceeds J^J£"^ ^fracture out into the 
will arise. This wdl lead toHow from m ^ 
strata. If this flow is PfJJjJJ, e3ds * where 
vertical growth will terminate. _Now jacomi ^ ^ 

^ and liquids. are entering. weUtore m^ ^.^^ 
Sing and leaving* J" IJgffjK -* - pressuriz- 
zpnal seal, and could have Ration fluids.into 

ing higher strata, or J also have posi- 

shallower strata caos.ng com ^°^ c ^ . 
U veenvironmentaleffecU.praperiyex^ u st m , 

. ; , Yei.despUe^re^P^^^^^,, 

cbsmsi at tire asrfac^ ^ ^'^Tprobably that the 
. ,ow gnnmdwater aqtnfers. .^^.^acts to exclude: 

"^-^tTJEttZE^ of the «rati^ 
gas by capillanty effects along: ^? m&sttI fy CR te ^- 

graphic «^*J*Jt li ?ftir-**. 
.... sion effects m ^f^^X^usion. So, it seems 
the fracture ^H^Sa^ly exceeds 
that in le« csses^^ m^ eleV ations, leading to the 
jte diffusive ^^igJ. Aa imerastrag . 
(excess appearing at ine cases; because off ; 

■;. . ^hSct probably ^^^f^win diffuse 
SSg pr*— ^^^^^^ CH., 
into adjacent strata more rapidly, ana me 

. , Unfortunately, ^en * ^^^Wfect, tite.coranWB 

occurrence of household warerw ^.many cases 

te?>^rced gas is clear evidence , ^ 
oSage where the gaa amply entera tste wa^ ^ 
may never bubble arourfthe casing. 



G !5siaitei ^ teil::; ; -i »,«iains the phenomena assstcfc 
^ byp0th ^f SSE* . number of ap~ 

attd with «efl „ CT^aring «n«» shrinkage 

preaches to solve ^j^^S Sare workable, 
is one, but there are other practical sonwu 
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men. formations that have no ^^^/fo^Sonl 
part of an industry-sponsored piqect, ■«* J 0 "^ 
S be available > 

f l ^tt^zone^SCtclusion effect can.be 
develops in the zone . tne P J dependmg on grain 
overcome (less titan 1 MP* of ^ entry and 

size and-clay content). Because we ^ a 

"rHJtSSflS W oTS^Otic^ins-fnce 
PC ™f^ TttTtad' will accept sufficient volumes of 

Snforaverylongn^^^^^^ 
suits. 



C8 sum v r ^ ^ l eakaK mechanisms that we propose 
The elements, of. the gas leatcage ma. 

are the following:. . . ■ .-ssmeKa :SlariiBt5afS?>: 

. o - . Various mecfc&Basins* mas pmm»j- ;< 

lead to a drop m radial stress. - * lMm ' 

ingap increases as te.fveracal) hetght 

rosionbec*i^.of capillarity 

... This working hypothesis nas ieo ^ rf cemeisi 

^rjSStf S Sin, » tofior;-.-- 
fonnulauon that can bei^y ? . k 

ancboth for primary csaenung, and f or PSA. 
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Figure 4: Fracture Approaching Surface 
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Figure 5: Leaving a leak i 
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